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Abstract
In the integrated planar solid oxide fuel cell (IP-SOFC) design individual cells are 
printed on a porous substrate and connected in series. This minimises the costs by 
using minimal amounts of functional materials, coupled with mass production 
teclmiques. However, the configuration is unfavourable in terms of cuirent collection 
from the electrodes. From a suivey of potential materials for the anode current 
collector, nickel (from the in-situ reduction of nickel oxide) was identified as the most 
promising material in tenns of cost, availability and the enviromnental impact 
compared with the precious metals that are used currently. A novel composite anode 
microstructure, consisting of small nickel oxide tracks printed within a nickel 
oxide/yttria doped zirconia anode, was found to provide a level of in-plane 
conductivity suitable for use in the IP-SOFC.
There were, however, issues with the use of nickel oxide. It was found to migrate and 
react with the magnesium oxide fi'om the support tube, to forai a solid solution during 
sintering of the fuel cell layers. Fui'theraiore, the presence of nickel oxide was found 
to cause grain growth and phase changes in yttria doped zirconia at high temperatures 
the extent of which was dependent on the yttria content. For 3 mol% yttria doped 
zirconia, nickel oxide was foimd to cause rapid giain growth and stabilise the cubic 
phase at lower yttria concentrations. Additionally nickel was observed to migrate over 
200 pm through the zirconia samples in one hour at 1500°C. For the 8 mol% yttria 
doped zirconia, which was predominantly cubic initially, the nickel oxide also caused 
rapid grain growth but the nickel migration was confined to a depth of approximately 
twice the size of the large grains. The problems associated with nickel oxide are only 
significant at the high temperatures used during manufactme, so if these can be 
reduced or eliminated then the benefits a nickel based anode current collector could be 
realised.
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Introduction
Fuel cells are energy conversion devices that directly convert the chemical energy of a 
fuel and oxidant into electrical and thermal energy. This is fundamentally different 
fi'om conventional electrical power generation methods that produce electricity 
indirectly, with all the accompanying losses in efficiency. Fuel cells offer the potential 
environmental advantages of low emissions, low noise, and high efficiency electrical 
power generation, compared with conventional power generation technologies. 
Although there is presently considerable research activity in the field of fuel cells, 
they are not a new concept. Sir William Grove reported the first operational firel cell 
in 1839 and since then there has been substantial advancement in the scientific 
understanding underpinning their manufacture and operation. However, fuel cells 
have only found uses in niche applications to date, due in part to their higher 
production costs compared with heat engines.
Fuel cells are categorised by the type of electrolyte used; in solid oxide fuel cells 
(SOFC) an oxide is used as the electrolyte. These types of fiiel cell operate at high 
temperatures (700-1000°C) to allow the oxide to display sufficient ionic conductivity, 
with the added benefit that at these temperatures the electrode kinetics are fast thus 
dispensing with the need for expensive catalysts. By incorporating a gas turbine to 
utilise the unused fuel and the high temperatuie waste heat from an SOFC, it has been 
shown that the high theoretical efficiencies can be increased further. These SOFC/gas 
turbine hybrids display efficiencies that are generally independent of size; therefore 
small fuel cell power plants are equally as viable as lar ge systems, which is in contr ast 
to conventional power generation. Small power plants would enable decentralised 
power generation, which is perceived to overcome such problems as an inefficient 
grid system and concerns over the effect of power lines on public health. Thus, it is 
expected that as SOFC/hybrid power systems offer low airborne emissions and low 
noise pollution, they will be part of a decentralised power generation system, that 
satisfies local urban environmental legislation.
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At present the conventional tubular and planar SOFC designs are too expensive, so 
the integrated planar solid oxide fuel cell (IP-SOFC) design was developed to address 
this issue. This design is based on series connected fuel cells that are fabricated by 
mass manufacturing thick film techniques, such as screen printing, onto a common 
porous ceramic support tube. This minimises the amount of the functional cell 
materials needed as the tube provides the mechanical support.
One major challenge with the IP-SOFC design is managing the in-plane electrical 
cuiTent collection. The geometry for the electrical conduction between the cells is 
characterised by a long current path and a very small current path cross-sectional area, 
which is geometrically incompatible with the aim of minimising the electrical 
resistance. This is in contrast to the conventional SOFC designs, which have short 
cuiTent paths and very large current path cross-sectional areas. The in-plane 
resistances from conventional SOFC anode or cathode materials are too large for a 
layer of a thickness that it is feasible to produce by screen printing. Therefore the 
method used at present to reduce the in-plane resistance in the series connected 
configuration is to add highly conducting porous layers to the anode and cathode, 
which are referred to as an anode current collector and a cathode current collector, 
respectively. The requirements of the materials used in these layers, such as high 
electrical conductivity, a coefficient of theimal expansion that is compatible with the 
adjacent cell components in the appropriate atmosphere (a reducing one for the anode 
and an oxidising one for the cathode) and fabrication at high temperatures, severely 
limits the number of choices.
Precious metals provide acceptable solutions in the present development programme, 
but further improvements in the cuiTent collecting components aie required to reduce 
their costs, which in tuim will lead to a reduction in the total IP-SOFC system cost and 
hence enable it to become commercial product. Thus, the aim of this research is to 
address these challenges and provide potential solutions that incorporate a non 
precious metal based anode cuiTent collector in the IP-SOFC design.
VI
Executive Summary 
Research Approach and Principal Results 
Identification of Prospective Materials
The anode/anode current collectors are required to meet a specified in-plane 
resistance. The resistance is dependent on two parameters: the intrinsic resistivity of 
the material and the geometry of the component. In the IP-SOFC design the length 
and width are specified hence the layer thickness is the only geometrical variable. 
This cannot be changed significantly; the layer thickness cannot be too large, as this 
would affect the mechanical integrity at the overlapping regions of the fuel cell layers. 
The only other variable is the choice of materials. Given that a material with a high 
conductivity and high cost would be equivalent economically to a material with 
moderate conductivity and moderate cost, any prospective material would need to be 
evaluated in terms of electrical conductivity per unit cost.
A range of high temperature electrically conducting materials were analysed in terms 
of their conductivity per unit cost. This revealed a variation of several orders of 
magnitude between the different materials. Copper and nickel were found to offer the 
largest conductivity per unit cost and the conventional SOFC materials and the noble 
metals the least. Even when the estimated commercial costs anticipated with large 
volume production were taken into account, the conductivity per unit cost of the 
conventional SOFC anode, cathode and interconnect materials were still two orders of 
magnitude lower than copper or nickel. As copper has a melting point that is well 
below the firing temperatures used in the manufactuie of the fuel cell it was excluded 
fi'om further consideration. Nickel has other problems such a coefficient of thermal 
expansion which is considerably larger than that of the zirconia electrolyte. Further, as 
the anode and anode current collector layers are sintered in an oxygen atmosphere 
during manufacture and then reduced in-situ during operation, any metal would need 
to be either non-oxidised or easily reduced from its oxide. Additionally the volume 
change encountered when transforming from the oxide to the metal should not be too 
lai'ge. There are issues concerning this volume change in the nickel/nickel oxide 
system but as it presently used as a component in SOFC anodes and as nickel 
displayed one of the highest conductivity per unit cost values, it was deemed worthy 
of further investigation.
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To take a holistic approach in any selection of materials process, the enviromnental, 
health and safety impacts of new materials need to be considered and compared with 
precious metals, which could be considered as the base line. One of the design 
requirements in the IP-SOFC design is that all of the active layers are fabricated using 
screen-printing. Any material selected for the anode cmrent collector would have to 
be made into an ink, which would necessitate the material being a fine powder. The 
properties of the ink are dependent on many factors but to a first approximation these 
are relatively independent of the material forming the solid part of the formulation. 
This in turn means that tlie environmental impacts associated with the manufacturing 
process would be relatively constant, regardless of which material was used. 
Consequently this allows the different materials to be assessed by comparing the 
mining and refining of the raw materials i.e. the powder production.
The comparison of the estimated enviromnental impacts associated v/ith the primary 
production of precious metals and nickel demonstrated differences of several orders of 
magnitude. The energy use, water use and the emission of global warming gases, from 
the production of nickel or nickel oxide were several orders of magnitude lower than 
for the production of precious metals. Despite the uncertainty in the data used to 
estimate these environmental impacts, this magnitude of the difference demonstrates 
that the use of nickel or nickel oxide would offer significant environmental benefits 
over platinum or palladium.
Platinum and palladium are not known to cause any serious health risks themselves, 
but as metallic powders they are flammable, requiring precautions be taken during 
their storage and handling to prevent ignition or explosions. In contrast both nickel 
and nickel oxide are known to be carcinogenic and to pose serious health risks. As 
such, any waste containing >0.1 wt% nickel oxide or >1 wt% nickel would be classed 
as hazai'dous waste, and the use of more than 1 tonne of either would bring the 
Control of Major Accident Hazards (COMAH) regulations 1999 into effect. As nickel 
oxide is already used in the anode, and the projected quantities needed for that layer 
during full-scale SOFC manufactme are likely to exceed the 1 tonne limit, the use of 
nickel or nickel oxide as the anode current collector is unlikely to cause any new 
safety measures or legislative requirements to apply.
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Nickel based Anode Current Collector
As mentioned earlier, the coeffeicients of thermal expansion of nickel and nickel 
oxide are much larger than the yttria stabilised zirconia (YSZ) electrolyte, and this 
leads to cracking in the electrolyte layer and delamination. One method to modify the 
properties of a material is to mix it with another material to produce a composite. In 
this way the thermal expansion behaviom* of conventional SOFC nickel/YSZ anodes 
are controlled. However, the microstructure this produces significantly reduces the 
electrical conductivity. Hence a novel composite anode microstructure, consisting of 
small nickel tracks printed within a nickel/YSZ anode, was proposed to increase the 
in-plane electrical conductivity.
The experimental results from a 22 pm thick novel composite anode cunent collector 
showed that the in-plane conductivity met the requirement of the IP-SOFC design. 
However, after testing, the surface of the top anode layer revealed the presence of 
cracking along the continuous nickel tracks printed below. These cracks were 
probably due to the large difference in thermal expansion coefficients of nickel and 
Ni/YSZ cermet. The initial use of a mesh pattern, which produced continuous nickel 
tracts in certain directions, was not ideal. Changing the mesh, so that there are no 
continuous NiO tracks in any single direction, as could be achieved with a hexagonal 
or sinusoidal pattern, is likely to reduce or eliminate the amount of cracking. Future 
work would need to be conducted to optimise the design of the composite current 
collector.
The work on the composite anode current collector revealed two further problems. 
Firstly, nickel oxide from the composite anode and magnesium oxide from the 
support tube were found to migrate and to react to form a solid solution in the pores of 
the anode barrier layer during manufactme of the fuel cell. The solid solution was 
found to form rapidly at temperatmes above 1100°C and the migration of the nickel 
oxide and magnesium oxide was more evident at higher temperatm'es, as used to fire 
the electrolyte layer. After an horn* in a reducing atmosphere at 950°C, as found on the 
anode side, the solid solution was not observed to form. The extent of the migration 
was too large to be explained by bulk and grain boundary diffusion, but as all of the 
layers, with the exception of the electrolyte, are highly porous it is hypothesised that
IX
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the nickel oxide and magnesium oxide migi'ate by surface diffusion through these 
layers. A reduction in the firing temperature of the electrolyte layer to around 1350°C 
would be necessary to minimise the migration to acceptable levels.
Secondly, nickel oxide was also found to react with YSZ at high temperatures in 
oxidising atmospheres. This was investigated further by printing nickel oxide grids on 
tiles of yttria doped zirconia. The presence of nickel oxide caused grain growth and a 
change in the phase composition; nickel migration was also observed. The extent of 
these phenomena was found to depend on the level of the yttria doping. With both 
3 mol% and 8 mol% yttria doping the lattice parameter of the cubic phase was found 
to decrease when nickel was present. The introduction of the nickel oxide into the 
zirconia lattice causes a greater number of oxygen vacancies to form and this is likely 
to result in the reduction of the cubic lattice parameter.
Nickel oxide was obseiwed to cause phase changes and rapid nickel migration in 
3mol% YSZ at relatively high temperatures. After 1 hour at temperatures above 
1500°C or at 1450°C for 4 hours, nickel was observed to migrate through the 3 mol% 
YSZ tiles, which were 200 pm thick. The grain growth rates for all the phases were 
found to increase in the presence of nickel oxide. Furthermore, nickel caused the 
phase composition to change from 10 wt% cubic and 90 wt% tetragonal to increasing 
amounts of cubic and monoclinic phases at the expense of the tetragonal phase. The 
increasing cubic and monoclinic content was attributed to the increased grain growth 
of the both the cubic and tetragonal grains. Hence the cubic grains grew to consume a 
greater volume and the remaining tetragonal grains exceeded the maximum size 
necessary to prevent the tetragonal to monoclinic phase transformation dui'ing 
cooling. The volume changes associated with the tiansformation of the tetragonal 
phase to the cubic phase, and particularly to the monoclinic phase, were apparent in 
the huge amount of warping and cracking observed in the 3 mol% YSZ sample with 
nickel oxide. The presence of nickel caused the cubic phase to be stabilised at lower 
yttria levels than that predicted on the basis of the yttria-zirconia phase diagram.
The 8 mol% YSZ samples were foimd always to be cubic with or without the 
presence of nickel oxide. Rapid grain growth was obseiwed in the zirconia grains in 
the vicinity of nickel oxide, but unlike the 3 mol% YSZ tiles, the extent of these large
X
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grains was restricted to a depth of approximately twice the size of the large grains and 
did not occur' thr'oughout the whole sample. The nickel migration was also confined to 
the extent of the large grains. On the sur'face, the distance from the nickel oxide layer 
over which grain growth occmTed was found to increase with higher firing 
temperature and time. This rapid increase in the grain size is likely to cause the YSZ 
tiles to have a reduced strength and make them more prone to cracking at relatively 
low stresses.
While these phenomena are of potential concern during the manufacture of the 
IP-SOFC, as this is when the materials are exposed to the highest temperatures, the 
operational temperatures are significantly lower and hence these phenomena are less 
of a problem. As with the nickel oxide and magnesium oxide migration, any progress 
in lowering the firing temperatures of the individual layers and/or reducing the 
nrrmber of firings would have significant benefits in terms of reducing the occur rence 
and thus detrimental consequences of these phenomena.
Conclusion
Overall, the initial nickel composite anode current collector was found to provide a 
sufficient conductivity at an appropriate layer thickness to meet the IP-SOFC design 
requirements. Further work is needed to optimise the conductivity of the composite 
and minimise any cracking, by producing nickel tracks with either a hexagonal or 
sinusoidal mesh pattern. However, the biggest concern is the extent of the nickel 
oxide and magnesium oxide migration and the formation of a solid solution at the 
temperature used at present to fire the electrolyte layer. However, the aim of lowering 
the electrolyte firing temperature is compatible with the overall objectives of cell 
development, as it would help reduce the manufactming costs. Furthermore, this 
reduction in the electrolyte firing temperature would have the secondary effect of 
reducing the extent of the phase changes and grain growth observed in 3 and 8 mol% 
YSZ during fabrication of the fuel cell layers. The combination of these measui'es 
could lead to the incorporation of a more environmentally acceptable, lower cost 
cuiTent collection system, in the form of a composite nickel mesh anode current 
collector.
XI
Executive Summary 
Contributions to Knowledge
The submitted portfolio contains an Engineering Doctorate thesis, which details the 
investigations carried out from October 2001 to September 2005. It is written in the 
style of a traditional doctorate thesis. In support of this document, copies of the 
6 month progress reports and publications arising fr om this study are included in the 
appendices.
The major contributions to knowledge arising from this work are as follows:
• A novel composite microstructure for the anode/anode current collector has 
been proposed; this provides an in-plane conductivity which is within the 
specifications for the IP-SOFC, without the use of precious metals, and hence 
offers both economic and environmental benefits.
A comprehensive study of the effect that the use of nickel oxide within the cell 
has on yttria doped zirconia has been conducted. As well as advancing the 
scientific understanding of the subject, this has identified the critical areas for 
cell development, i.e. lowering of the firing temperatm'e of the electrolyte, that 
need to be addressed if the benefits of the new composite current collector are 
to be realised.
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Chapter 1 Introduction
1 Introduction
1.1 Background to Project
Fuel cells axe energy conversion devices that produce electricity directly, by the 
electrochemical combination of a fuel with an oxidant. This is fundamentally different 
from conventional electrical power generation methods that produce electricity 
indirectly. Fuel cells offer the environmental advantages of low emission, low noise 
and high electrical generating efficiency. Although there is considerable research 
activity on fuel cells at present, they are not a new concept. Sir William Grove 
reported the first operational fuel cell in 1839. Over the subsequent 167 years the 
underlying science of their operation has advanced significantly, but fuel cells have 
only found use in niche applications. This is due, in paif, to their higher capital costs 
compared with heat engines.
Fuel cells are categorised by the type of electrolyte used. Solid oxide fuel cells 
(SOFCs) have a ceramic electrolyte and operate at high temperatures (700-1000°C), 
which gives the added benefit of fast electrode kinetics without the need for expensive 
catalysts. By utilising the unused fuel and the high temperatui'e waste heat from a 
SOFC, via a gas tmbine, the high theoretical efficiency can be increased fuither. 
These SOFC/gas turbine hybrids display efficiencies that are generally independent of 
size; therefore small fuel cell power plants are equally as viable as large systems, in 
contrast to conventional power generation. Current opinion favours decentralised 
power generation due to the inefficiency of a grid system and the public aversion to 
large power stations, because of concerns over pollution and a perceived thieat of 
cancer from power lines. It is expected that as SOFC/hybrid power systems offer low 
airborne emissions and low noise pollution, they will be able to provide a 
decentralised power generation system and satisfy local mfran environmental 
legislation.
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At the present time, conventional tubular' and planar SOFCs ai'e too expensive to 
compete with traditional power generation. The integrated planar solid oxide fuel cell 
(IP-SOFC) concept has been developed by Rolls-Royce to address this issue. By 
connecting cells in series, this design aims to combine the use of the minimal amount 
of functional materials with matm*e manufactur ing techniques, such as screen printing, 
that can be scaled-up for mass production.
One major challenge of the IP-SOFC concept is managing the in-plane electrical 
cmxent collection. The number of materials that can be used for the cunent collecting 
layers is limited because of the high operating temperatures, the need for 
compatibility with the other cell components and the unfavourably geometry. The 
in-plane resistances of conventional SOFC anode or cathode materials are too large 
and would require layers to be thicker than it is feasible to produce by screen printing. 
Thus, the conventional method to reduce the in-plane resistance in the series 
connected configuration is to add highly conducting porous layers to the anode and 
cathode, which are referred to as current collectors. Although acceptable solutions 
have been implemented in the present development programme, further refinement of 
the current collecting components is required before full commercialisation. Thus, this 
project aims to address these challenges and provide novel solutions for the anode 
cunent collecting layer.
1.2 Outline of Thesis
Following this introduction, chapter two briefly reviews the different classifications of 
fuel cells along with their possible applications and their environmental benefits. 
SOFCs are then examined in greater depth, with the range of contemporaiy designs 
being described and compai'ed with the IP-SOFC design. Particular attention is paid to 
the different criteria associated with current collection in the different SOFC designs. 
Finally the contemporary SOFC materials are reviewed in terms of their 
electronic/ionic conductivity, coefficient of thermal expansion, manufactuiability and 
chemical compatibility with the other SOFC materials.
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Chapter three examines a range of possible materials for use in the anode current 
collector layer in terms of their electrical conductivity per unit cost. The physical 
properties of the materials and the possible problems that might arise when they are 
used with the other cell materials are discussed. Nickel/nickel oxide is identified as a 
potential material for use in the anode cmrent collector. Chapter four examines and 
compares the environmental impacts and health and safety implications when using 
anode current collectors based on nickel or nickel oxide with those for precious 
metals.
In chapter five the targets for the resistance, hence the conductivity and thickness, of 
the anode current collector are evaluated. The in-plane conductivity and 
microstructures of precious metals and novel nickel oxide based anode curTent 
collectors were characterised and compared with the targets. Chapter six examines the 
migration of nickel oxide from the anode current collector and magnesium oxide from 
the support tube and their reaction duiing IP-SOFC manufacture. The implications of 
this migration and reaction on the use of nickel oxide in the anode cun*ent collector 
are discussed. Chapter seven investigates the reaction between nickel oxide and yttria 
doped zirconia at high temperatures. Again, implications for the IP-SOFC design are 
discussed. Finally, in chapter eight conclusions from the cunent work are presented 
along with areas for future study.
Chapter 2 Overview of Fuel Cells
2 Overview of Fuel Cells
2.1 Introduction
This review begins by outlining the different classifications of fuel cells along with 
their possible applications and the environmental benefits they offer. Solid oxide fuel 
cells (SOFC) ai'e then examined in greater depth. The contemporary SOFC designs 
are compared with the integrated planar solid oxide fuel cell (IP-SOFC), paying 
particular attention to the different criteria associated with current collection in the 
different cells. Contemporary SOFC materials are reviewed in terms of their 
electronic/ionic conductivity, coefficient of thennal expansion, manufacturability and 
chemical compatibility with the other SOFC materials.
2.2 General Considerations
2.2.1 Categories of Fuel Cells
Fuel cells originate from the middle of the nineteenth century, with the first operation 
described by Sir William Grove in 1839 (Grove, 1839). They are energy conversion 
devices that produce electricity directly, by the electrochemical combination of a fuel 
with an oxidant. This is fundamentally different fi'om conventional electrical power 
generation methods that produce electricity indirectly. In principle any gases capable 
of being electiochemically oxidised or reduced can be used as fiiel or oxidant in a fuel 
cell. However hydrogen is the most commonly used fuel, since it has high 
electrochemical reactivity and can be derived from common fuels. Oxygen is the most 
commonly used oxidant as it is readily available from the air.
Fuel cells ai'e categorised by the type of electrolyte used and to date there are five 
distinct groups, namely, proton exchange membrane fuel cells (PEMFC), phosphoric 
acid fuel cells (PAFC), alkaline fuel cells (AFC), molten carbonate fuel cells (MCFC) 
and solid oxide fuel cells (SOFC). Each type has a different set of characteristics, 
some of which are listed in table 2 .1.
Chapter 2 Overview of Fuel Cells
Table 2.1 The important characteristics of the five types of fuel cells.
AFC PEMFC PAFC MCFC SOFC
Electrolyte KOH Nafion'^ H 3PO4 62% LizCOs + 38% KzCO] ZiOz-YzOs
Charge Carrier 
Fuel
O H  
High purity Hz
IT 
Pure Hz
IT
COz free Hz
co^-
Hz, CH4 , CO
0"-
Hz, CH4 , CO
Temperature 80-260°C 80-260°C 200°C 600-700°C 800-1000°C
sulphonated fluoroethylene membrane, registered trademark o f E.I. Du Pont de Nemours & Co.
2.2.2 Application
Fuel cell systems offer a range of advantages when used for stationary power 
generation. The inherent low airborne emissions and high theoretical efficiencies can 
be increased with the addition of a gas turbine to produce a fuel cell hybrid power 
system. The efficiency is reasonably independent of size, as illustrated in figure 2.1, 
therefore small fuel cell power plants are equally as viable as large systems 
(Larminie and Dicks, 2000). This is in contrast to conventional power generation and 
offers immense opportunities for decentralisation. In the developed world there is a 
trend away from centralised generation systems. This is due to the aversion shown by 
the public to large power stations, concerns over pollution, and a perceived threat of 
cancer from the grid distribution system. Current opinion favoms decentralised power 
generation, allowing power in urban areas to be produced locally where it is needed 
(Hart, 2000). It is expected that, as hrel cell hybrid power systems offer low airborne 
emissions and low noise pollution, they will be the possible solution to a decentralised 
power generation system and satisfy local urban environmental legislation. In the 
1990s SOFC power plants were demonstrated to operate reliably on common natural 
fuels (George, 2000). Current work is in progress to reduce the fabrication costs, and 
to combine fuel cells with gas turbines to produce hybrid systems with the aim of 
making fuel cell power plants a commercially viable option (Williams, 2001).
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Figure 2.1. The efficiencies of fuel cells and a range of internal combustion 
engines as a function of power output (after van Gerwen, 2003).
Fuel cells are also being considered for transport applications. The benefits include 
reduced airborne emissions and energy saving arising from the high efficiencies. Fuel 
cells could enable electric cars to become a reality. This has been prevented in the 
past by the low densities of electric power storage, in the form of batteries. Currently 
the most advanced batteries can discharge a kilowatt for just three minutes. A 
methanol-water fuelled fuel cell of the same weight can generate a kilowatt for five 
hours (Tickell, 1996). PEMFC are often used in transportation due to their high power 
densities and low operational temperature, which permits quick start-up times. 
Unfortunately PEMFC require pure hydrogen fuel with extremely low levels of CO?, 
from either externally reformed hydrocarbons or pre-reforming of methanol or petrol 
in the system. The former requires large scale infrastructure investments to build a 
refuelling network. Currently there is not a commercially satisfactory technology for 
storing hydrogen. This has restricted the use to bus and urban taxis because these can 
refuel in one central location, and can therefore cope with novel fuels without 
additional infrastruture. Another application of fuel cells in automobiles was 
announced by BMW (Larminie and Dicks, 2000). This was the use of an SOFC unit 
as an auxiliary power source. This will provide the electrical power for the equipment 
e.g. air conditioning, allowing a smaller conventional internal combustion engine for 
motive power only.
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PEMFC ai'e being considered for small portable power sources. These can be used for 
mobile phones and other portable electronic devices, due to their high power densities 
and low operational temperatures. There are similar problems associated with 
hydrogen storage or fuel processing. There is also the challenge of supplying rapid 
high power on demand, as required by mobile phones. Unlike batteries, fuel cells do 
not perform well under these conditions (Pavio et al, 2002). Therefore, for these 
types of application, fuel cell/battery hybrid systems are being developed 
(Pavio et al, 2002). Here the fuel cell works at constant power output which the 
battery stores when power requirements are low. The battery then provides the power 
on demand, i.e. when the mobile phone is transmitting.
2.2.3 Environmental Benefits
An increase in awareness and concern for the environment has resulted in the 
necessity for the evaluation of the environmental impacts of technologies. Fuel cell 
power generation systems are considered to have the potential to outperform 
established technologies based on combustion and are generally considered more 
environmentally benign. There are a variety of reasons for the potential of fuel cells 
for low environmental impacts.
A number of studies have attempted to evaluate the potential environmental benefits 
resulting fi'om fuel cell replacement of transport and stationary power generation 
technology. Hart et a l , (2000) investigated the environmental impacts of a number of 
processes used to fabricate thick film components for use in SOFC, whereas 
Karakoussis et al, (2001) examined the impacts of manufacturing SOFC systems. In 
both studies it was revealed that the total emissions associated with the manufacturing 
stage only account for a small fr action of the life time emissions.
Other studies focused on the change in emissions that would be associated with the 
widespread use of fuel cells in the UK (Bauen and Hart, 2000; Hait and 
Hormandinger, 1998). It was concluded that the replacement of the internal 
combustion engine with PEMFC, in the case of transportation, would result in
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significantly reduced airborne emissions. Sulphuious oxides (SOx) and carbon 
monoxide (CO) would be reduced by two orders of magnitude, and nitrogen oxides 
(NOx), particulates (PM) and non-methane hydrocarbons (NMHC) would be reduced 
by around one order of magnitude. A 60% reduction in carbon dioxide (CO2) was 
predicted with an increase in the overall emissions of methane (CH4). This increase 
was due to the increased use of natural gas and resulted in greater losses through the 
pipeline network in conjunction with losses during refuelling.
In the case of stationary power generation applications a 200 kW SOFC used in a 
combined heat and power (CHP) system was examined. This system would provide 
both electi'icity and heating and was compared with the equivalent electrical energy 
obtained from the national grid and heat output from an on-site gas boiler. The results 
showed that particulate emissions would be eliminated along with an order of 
magnitude decrease in NOx, SOx and CO emissions (Bauen and Hart, 2000). 
Emissions from NMHC, CH4 and CO2 were reduced by 25% (Bauen and Hart, 2000).
2.3 Solid Oxide Fuei Cel is
2.3.1 Principle of Operation
\
Taking hydrogen and oxygen as fuel and oxidant, respectively, as the simplest 
examples, at the anode, of an oxygen ion conducting electrolyte (figure 2 .2), the 
hydrogen reacts with the oxygen ions to form water and release electrons, according 
to the following reaction: -
-^H ^O  + le-  (2.1)
At the cathode the oxygen reacts with the electrons to form oxygen ions which travel 
through the electrolyte to the anode:
0, +4e~ ^ 2 0 ^ -  (2.2)
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Figure 2.2. A schematic representation of reactions 
in an oxygen ion conducting electrolyte.
2.3.2. Contemporary SOFC Designs
The most advanced SOFC concept is the tubular design used by 
Siemens-Westinghouse and TOTO (Blum et al, 2005). In the design used by 
Siemens-Westinghouse and TOTO a single cell is fabricated on the outside of an 
extruded porous cathode tube, using either plasma spraying, slurry coating or 
Electrochemical Vapour Deposition (EVD) (Tietz et al, 2002) as shown in figure 
2.3a. The tubular fuel cells of the Siemens-Westinghouse design have a diameter of
2.2 cm and length of 150 cm and are closed at one end (Larminie and Dicks, 2000). 
The single cell tubes are grouped together and connected in series or parallel using an 
interconnect. The interconnect is thin and runs the length of the tube, which provides 
an excellent geometric solution to reducing the electrical resistance between the cells, 
although there is a relatively long current path through the electrodes which 
substantially increases the overall resistive losses. Recent improvements by 
Siemens-Westinghouse have increased the volumetric power density by flattering the 
tubes, allowing a greater number to be packed into the same volume 
(Blum et al, 2005; Singhal, 2000). The advantage of this design is that the need for 
high temperature gas-tight seals is eliminated, as the tube can be made to protrude 
outside the hot zone such that conventional seals can be used (Larminie and Dicks, 
2000).
The flat plate design consists of a thin plate onto which the cell components are 
stacked on one another. These plates are fabricated in rectangular or circular shapes, 
as shown in figure 2.3b. The interconnect is a solid plate and provides a gas-tight seal
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between the cells. Grooves are often cut into the interconnect on both sides to provide 
gas channels either in a parallel or perpendicular fashion, producing co-flow or 
cross-flow configurations. This design produces a much higher volumetric power 
density, compared with the tubular design. In addition the thin flat shape of the 
electrodes and the interconnect layers provides an excellent geometric solution to 
reducing the electrical resistance between the cells. This permits higher operational 
current densities for the same output voltage compared with the tubular design (Minh 
and Takahashi, 1995). The main disadvantage of this design is the need for high 
temperature gas-tight seals along the edges of the cells. This is usually accomplished 
by using either compressive seals, cement seals, glass seals or glass-ceramic seals, but 
each of these methods has associated problems (Minh and Takahashi, 1995).
The monolithic design incorporates thin cell layers formed into corrugated shapes. A 
thin dense gas-tight interconnect layer prevents the fuel and oxidant diffusing and 
mixing between the stacked cells. The corrugated structures can be configured to 
allow either co-flow or cross-flow, as shown in figure 2.3c. Again this design 
produces a much higher volumetric power density, compared with the tubular design.
•riTERCOMMfcr
FUEL FLOW 
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Figure 2.3. The contemporary solid oxide fuel cell designs a) the tubular design, 
(b) the flat plate design and (c) monolithic design (after Minh and Takahashi, 1995).
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As with the flat plate design the thin flat shape of the electrodes and the interconnect 
layers provides an excellent geometric solution to reducing the electrical resistance 
between the cells, allowing higher operational current densities for the same output 
(Minh and Takahashi, 1995). The main disadvantages of this design are in its 
fabrication and sealing. The intricate shape leads to the cells needing to be co-fired. 
This makes matching the thermal expansion and firing shrinkages of the materials of 
critical importance. Additionally the shape of this design also increases the 
complexity of the gas manifolding (Minh and Takahashi, 1995). There is also the 
need for high temperatui e gas-tight seals along the edges of the cells.
2.3.3 Integrated Planner Solid Oxide Fuel Cell Design
Rolls-Royce tackle the high cost associated with the contemporary designs 
in two ways. Firstly the system is a fuel cell/gas turbine hybrid, exploiting 
the waste heat energy given off by the fiiel cells (Lai'minie and Dicks, 2000) 
and a pressurised system to increase the power output of fuel cells 
(Agnew et al, 2005; Singhal, 1997, 2000). Rolls-Royce developed a novel low cost 
SOFC/gas turbine hybrid system to eliminate the complexity and cost of using high 
temperature heat exchangers to preheat air. This was achieved by using the gas 
turbine to pressurise the system and to partly heat the incoming air by compression 
(Agnew et al, 2003; Tarnowski et al, 2002). A schematic diagram of the 
Rolls-Royce 1 MW hybrid system is show in figure 2.4 and an artist’s impression of 
the first generation Rolls-Royce 1 MW hybrid system is shown in figure 2.5.
11
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Figure 2.4 A schematic diagram of the Rolls-Royce 
1 MW hybrid system (after Agnew et al, 2005).
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A flat ceramic tube  (1) enters the prototype, au tom ated  production line It goes through various steps including m ultiple screen printing 
cycles (where th e  fuel cells are printed onto th e  tubes) (2). drying and sintering (where a powder coalesces into a solid) cycles The result is a 
printed ceramic flat-tube with approximately 15 fuel cells on each side of the tube  (3). Using Rolls-Royce system integration expertise, these 
tubes are first com bined into bundles, then into strips and ultimately into fuel cell stacks (4 ) with enough electncity to  pow er a large hom e 
These stacks com bined with a few unique, specially designed com ponents to  form a tier (5 & 6) Three of these tiers are placed toge ther inside 
a pressure vessel (7) The M kroturblne (8) creates the pressurised environm ent for th e  fuel cells to  work in. Four pressure vessels com bine on a 
skid to  form a one m egaw att pow erplant (9).
Figure 2.5 An artist’s impression of the Rolls-Royce 
1 MW hybrid system (after Rolls-Royce, 2005).
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Secondly the Integrated Planar Solid Oxide Fuel Cell (IP-SOFC) concept 
was developed to utilise low cost mass manufacturing technologies, and 
attempts to address the problems encountered with other SOFC designs 
(Day, 2000; Gardner et al, 2000). In this design the cells are fabricated on the surface 
of a flat single hollow support tube and connected in series. The flat support tube is 
produced by extrusion and is designed to provide structural strength for the cells and 
to house the fuel supply. Thin cell components are printed on the support tube in 
strips allowing many cells per tube. Each of the anode, electrolyte and cathode layers 
are slightly off set, allowing the cells to be connected in series by a current collecting 
layer, as shown in figure 2.6.
Porous tube
I  Cell Connector
□  Cathode Current Collector 
[7| Cathode
□  Electrolyte 
^  Anode
■  Anode Current Collector
Electronic Conduction Path Through 
Current Collector / Cell Connector
Ionic Conduction Path 
Through Electrolyte
Figure 2.6 A schematic diagram of the Integrated Planar Solid Oxide Fuel Cell 
(IP-SOFC) design, showing the ionic and electrical conduction path through the cells.
The concept has the advantage of using established, high volume thick film 
fabrication techniques with high power densities, whilst at the same time avoiding a 
bipolar interconnect plate or using high temperature compressive seals, as in 
conventional planar designs. However, as the cells are fabricated side by side, the 
geometry of the electrical connection between the cells has a large current length to 
cross sectional area ratio, making the minimisation of the resistance more challenging.
With the IP-SOFC design the current collecting layer can be broken down into three 
sections i) anode current collector, ii) cathode current collector with iii) a cell 
connector between the two. The anode current collector and the cathode current 
collector are only exposed to a reducing or oxidising atmosphere respectively, 
therefore a greater number of materials become available for selection. Only the 
relatively small cell connector is subjected to both atmospheres.
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2.3.4 Material Requirements
2.3.4.1 Overview
Each of the materials that is selected for use in SOFCs will have to be chemically, 
morphologically and dimensionally stable at the high operating temperatures for 
prolonged periods of time. The materials must not under go any disruptive phase 
ti'ansformations between room and operational temperatm'es. The thermal expansions 
of all of the cell components need to be matched to prevent excessive thermal stress 
and the consequent cracking and delaminaton. Additionally the materials should 
exhibit the general properties of high strength, touglmess, manufactui-ability and low 
cost. Lastly, the components must be chemically compatible and there must be no or 
limited elemental inter-diffusion between neighbouring parts.
2.3.4.2 Electrolyte
The SOFC electrolyte material must be stable and impermeable to the gases used 
during operation. It will be in contact with both fuel and oxidant and therefore must 
be stable in both reducing and oxidising atmospheres for prolonged periods of time. 
It must have sufficient ionic conductivity coupled with minimal electronic 
conductivity at the operating temperatuie to prevent short circuiting.
Materials that exhibit high oxygen ion conduction are predominantly used as the 
electi’olyte in SOFCs, although hydrogen and hydroxide ion conductors are also 
possible (Minh, 1993). Stabilised zirconia is extensively used as an electrolyte in high 
temperatme SOFCs, because of its adequate oxygen ion conductivity and 
stability in both oxidising and reducing atmospheres at high temperatures 
(Kordesch and Simader, 1996). Pure zirconia (ZrOi) exhibits three distinct 
polymorphs. The monoclinic crystal structure is stable up to 1I70°C whereupon 
zirconia undergoes a transformation to the tetragonal stiucture. The monoclinic- 
tetragonal transformation has a large (3 to 5 %) reversible volume change associated 
with it. At 2370°C zirconia imdergoes a final transformation to a cubic fluorite
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structure, which exists up to the melting point at 2680°C. The addition of certain 
aliovalent oxides can stabilise the cubic fluorite structure at room temperature. This is 
achieved by the direct substitution of divalent or trivalent cations for the host Zr'^ '*’ 
lattice cation, which creates oxygen vacancies by charge compensation. Using 
Kroger-Vink notation the substitution of yttria into zirconia can be expressed as:
(2.3)
where Oq^  is an oxygen neutral atom on an oxygen lattice site, is aY^  ^ ion on a 
zirconium lattice site and Vq is a double positively charged oxygen vacancy.
The ionic conduction mechanism in stabilised zirconia is by oxygen ion diffusion via 
vacancies. Therefore higher oxygen vacancy concentrations permit greater oxygen ion 
mobility, which consequently leads to higher levels of ionic conductivity. A number 
of oxide dopants can be used to stabilise the cubic fluorite phase in zirconia. The 
variation of the ionic conductivity with dopant concentration for a number of different 
oxides is shown in figm'e 2.7 (Kvist, 1972). The conductivity reaches a maximum at 
or near* the minimum dopant concentration necessary to stabilise the cubic phase. Any 
further increases in dopant concentrations causes the conductivity to decrease. This 
decrease in conductivity is believed to be due vacancy clustering, defect ordering or 
electrostatic interactions (Minh, 1993).
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Figure 2.7. Variation of ionic conductivity of zirconia 
stabilised with different oxides at 800°C (after Kvist, 1972).
Although other stabilising oxides display higher conductivity, yttria (Y2O3) is most 
often used to stabilise zirconia for use as fuel cell electrolytes, due to its availability 
and lower cost. The zirconia rich region of the zirconia-yttria system is shown in 
figure 2.8. This diagram is based on different phase diagrams collated and compared 
by Yoshimma (1988) and illustrates the areas that are in dispute, which are shaded 
black. The exact positions of the cubic and tetragonal boundaries under equilibrium 
have not been deteimined. This is of particular importance at the operating 
temperature where any metastable cubic phase will have sufficient time to decompose 
to the equilibrium mixture of cubic and tetragonal. The transformation from fully 
cubic to a mixture of cubic and tetragonal decreases the ionic conductivity. 
Nomura et al, (2000) have measui'ed the degradation in conductivity of 8 mol% YSZ 
to be about 30% after 2000 hours and 40% after 5000 hours at 1000°C.
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Figure 2.8. The ZrOz-rich region of the ZrOi-YiOg phase diagram. The symbols c, 
t, m and 1 denote the cubic, tetragonal, monoclinic and liquid phases respectively. The 
shaded areas illustiate the uncertainty in the phase boundaries (after Yoshimura, 1988).
Gibson et al, (1998) investigated the influence of yttria content on the ionic 
conductivity of YSZ over time. They found that initially 8 mol% YSZ had the highest 
ionic conductivity, but degraded 10-15 % after 83 hours at 1000°C. Samples with 
yttria contents greater than 8.5 mol% displayed little degradation in ionic conductivity 
at the same temperature over the same time period, with the 8.5 mol% YSZ sample 
having the higher conductivity. Badwal (1992) also found similar' results with the 
ionic conductivity over time. The conductivity of 8 mol% YSZ degraded 16 %, while 
10 and 12 mol% YSZ displayed no degradation after 80 hours at 1000°C.
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2.3.4.3 Anode and Anode Current Collector Materials
The main requirements for a SOFC anode material are stability in a reducing 
atmosphere, catalytic activity and electronic conduction. The anode is in contact with 
the fuel and must be stable for prolonged periods of time, especially under the 
compositions associated with hydrocarbon fuels. The anode must also possess the 
required catalytic activity to promote the electrochemical oxidation of the fuel at an 
acceptable rate. Electrical conductivity is required to minimise resistive losses, along 
with sufficient porosity to allow gas to flow to and from the reaction sites efficiently 
whilst maintaining adequate strength.
These conditions restrict the suitable metals to nickel, cobalt and noble metals. 
Nickel is almost exclusively used as the anode material due to its low cost 
(Larminie and Dicks, 2000). In order to maintain the required porous structure for 
long periods at 1000°C, nickel is dispersed on the surface of a yttria stabilised 
zirconia (YSZ) matrix. These YSZ particles inhibit the coarsening of the nickel 
particles and control the combined theimal expansion coefficient. Generally the 
nickel/YSZ material is produced fi'om YSZ and nickel oxide powders. The nickel 
oxide reduces to nickel metal in-situ when exposed to the fuel. The anode 
conductivity reaches a maximum rapidly during reduction, and then gradually falls off 
during operation as the nickel particles sinter, reducing the amount of nickel particle 
contact (Dees et al, 1987).
The conductivity of the nickel/YSZ cermet material is highly dependent on the nickel 
content, as show in figure 2.9. There is a rapid increase in the conductivity at about 
30 vol% nickel (Dees et al., 1987). This corresponds to the percolation threshold of 
the nickel particles. Below this value the conductivity is similar to that of YSZ, 
indicating that it is dominated by ionic conduction through the YSZ. Above the 
30 vol% nickel threshold, the conductivity is 3 orders of magnitude higher, indicating 
that there has been a change to conduction that is dominated by electrical conduction 
through the nickel. The conductivity above 30 vol% nickel is also dependent on the 
microstructuie. A lower YSZ smTace area, hence greater grain size, gives rise to better 
nickel coverage, which produces a greater amount of nickel particle-to-particle 
contact, which results in higher conductivity.
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Figure 2.9. Electrical Conductivity of nickel/YSZ ceimet at 
1000°C as a function of nickel (after Minh and Takahashi, 1995).
Nickel and nickel oxide have coefficients of thermal expansion of 16.3 x 10'^  K'  ^
(Brandes and Brook, 1992) and 14.1 x 10'  ^ K'  ^ (Duh et al.  ^ 1989) respectively at 
900°C. Both of these are larger than that of 8 mol% YSZ at 10.3 x 10'  ^ IC^  
(Mori et al, 1997b) to 10.8x10“^ K'  ^ (Majumdar et al, 1986). The coefficient 
of thermal expansion of nickel/YSZ cermets with varying nickel contents 
have been measmed by Majumdar et al, (1986) and Mori et al, (1997b). 
Majumdar et al, (1986) found that the coefficient of thermal expansion increased 
linearly from 10.8x10'^ K'  ^ (0% NiO) to 14.5x10'^ K‘  ^ (0% ZrOz) with increasing 
nickel oxide content, as show in figure 2.10. It was not clear' from their description, 
however, whether the coefficient of thermal expansion of the cermet was measured 
under a reducing atmosphere. Their result for 100 vol% nickel, was the same as that 
for nickel oxide, which would suggest that a reducing atmosphere was not used. 
Mori et al, (1997b) also measur ed the coefficient of thermal expansion of nickel/YSZ 
cermets in air and imder a Hi atmosphere. The coefficient of thei'mal expansion 
in air was in close agreement with the results from Majumdar et ah, (1986). Under a 
Hi atmosphere the coefficient of thermal expansion increased linearly from 
10.3x10'® K ‘ ‘ (0% Ni) to approximately 12x10'® K ‘‘ (60 vol% NiO). With a nickel 
contents greater than 60 vol%, the coefficient of thermal expansion was found to 
increase rapidly to approximately to the value for nickel, as show in figme 2.11.
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The wetting angle for nickel on zircionia was measui'ed to be approximately 120° 
(Nikolopoulos and Sotiropoulou, 1987) and approximately 112° on 3 mol% YSZ 
(Duh et al, 1989). This indicates that these two materials do not wet very well and so 
will display low levels of adhesion. Unfortimately the nickel/YSZ cermet with the 
minimum acceptable content of nickel (30 vol.%) has a thermal expansion coefficient 
larger than that of the YSZ electrolyte. This significant mismatch in the thermal 
expansion coefficient can result in laige stresses, resulting in cracking or delamination 
of the electrolyte (Majumdar et al, 1986). Varying the thickness, improving the 
ffactuie toughness and controlling the critical flaws during fabrication of 
the electrolyte have all been suggested as ways of minimising this problem 
(Minh and Takahashi, 1995).
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Figure 2.10. Coefficient of thermal expansion of a nickel oxide/YSZ cermet 
at 1000°C as a function of nickel oxide (after Majmndar et al, 1986)
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Figure 2.11 Coefficient of theimal expansion of a nickel/YSZ 
cermet, at 1000°C in a Hz atmosphere (after Mori et al, 1997b)
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The solubility of NiO in YSZ has been investigated due to the proximity of NiO in the 
anode to the electrolyte. Kuzjukevics and Linderoth, (1997) reported that solubility of 
nickel oxide in YSZ was less then 2 mol% at 1600°C and varied little with 
yttria content. At oxygen partial pressm-es low enough to reduce Ni^ "^  to Ni, 
Yokokawa et al., (1998) calculated that the solubility was close to zero. This is in 
agreement with the experimental results of Linderoth et al, (2001) who prepared a 
number of samples of 8-mol% YSZ with differing amounts of nickel oxide and found 
that the lattice parameter of nickel oxide doped YSZ recovers back to that of the 
undoped YSZ after reduction. Furthermore it was noted that the as-prepared samples 
changed from white (pure YSZ) to light brown, to greenish with increasing nickel 
oxide content. After being exposed to a reducing atmosphere, all the samples changed 
to a grey-black colour, except for the pme YSZ, which stayed white. The samples 
were found to return to their as-prepared colour after reoxidising at temperatme. The 
conductivity of 8 mol% YSZ at 1000°C with nickel oxide additions decreased by 
40%-50% under a reducing atmosphere. In addition most of the nickel oxide that was 
dissolved in the zirconia was exsolved and formed nickel particles dming reduction. 
The decrease in the conductivity was partially attributed to these nickel particles 
acting as nucléation sites for the formation of tetragonal zirconia precipitates.
Anode cm-rent collector materials are required to provide the electrical conduction 
from the anode and be stable in a reducing atmosphere for prolonged periods of time, 
especially under the compositions associated with hydrocarbon fuels. The geometry of 
the cmTent collector layers in the IP-SOFC design means that the materials need to 
have high conductivities. The high temperatme conductivities and thermal expansion 
coefficients for a range of metals are given in table 2.2. It can be see that these metals 
offer conductivities ranging fi'om almost tens to hundreds of thousands S cm"\ These 
values are many orders of magnitude larger than the conductivities reported for new 
anode materials, such as lanthanum-doped strontimn titanate (Marina et al, 2002) and 
strontium doped lanthanum vanadates (Hui and Petrie, 2001).
With the exception of platinum, the metals in table 2.2 have coefficients of thermal 
expansion that are much larger than that of YSZ at 10.3 x 10'^  K '\ (Mori et al, 1998). 
This significant mismatch in the coefficient of thermal expansion can result in large
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stresses, resulting in cracking or delamination of the layer (Majmndar et al, 1986). In 
addition, there are some obvious problems with the application of several of the 
materials in an operational SOFC. Silver, copper and gold have melting points of 
961°C, 1084°C and 1064°C respectively (Brandes and Brook, 1992). These are well 
below the firing temperatme of the anode and cathode (1450°C and 1200°C, 
respectively).
Table 2.2 Coefficient of thermal expansion, electrical conductivity and 
melting points of a range of elements (after (Brandes and Brook, 1992)
Elements Temperature
(°C)
Conductivity 
(S cm'^)
CTE
(xlO'^K'^)
Melting Point 
(°C)
Cobalt 1000 12,900 14.0" 1495
Copper 1000 123,000 20.3 1084
hon 800 9,480 14.6 1536
Nickel 900 22,000 16.3 1455
Palladium 1000 25,000 13.6 1554
Platinum 1000 23,200 10.2 1768
Silver 900 132,000 22.4 961
2.3.4.4 Cathode and Cathode Current Collector Materials
The requirements for SOFC cathode materials are similai* to those for the anode, 
except that the cathode must be stable in an oxidising atmosphere. It will need to 
possess the required catalytic activity to promote the electrochemical reduction of the 
oxidant at an acceptable rate. The cathodes need high electiical conductivity to 
minimise resistive losses. They also have to have sufficient porosity to allow gas to 
flow to the reaction sites efficiently whilst maintaining adequate strength.
As a result of the high operating temperatme only noble metals or electronic or mixed 
conducting oxides can be used as cathode materials. The noble metals are unsuitable 
due to their high cost and only a few doped oxides satisfy the criteria of a 
matched coefficient of thermal expansion and chemical compatibility with the 
electrolyte. CmTently doped lanthanum manganite (LaMnOg) is used most frequently 
(Minh and Takahashi, 1995).
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LaMnOg is classified as a perovskite oxide. Undoped LaMnOg has an orthorhombic 
crystal structure at room temperature, which undergoes a transformation to a 
rhombohedral crystal sti'uctme at temperatures ranging fiom 285°C to 450°C, 
depending on oxygen nonstoichiometry (Minh and Takahashi, 1995). This 
transfoimation has been related to the oxidation of some of the Mn^ "^  to Mn'^  ^ ions 
(Tofield and Scott, 1974). Compounds with a high Mn"^  ^ content or an excess 
of oxygen, have been found to be rhombohedral at room temperature 
(Takeda et al, 1991). The doping of lower valence cations for lanthanum and 
manganese increases the Mn'^ '*’ concentration, consequently lowering the 
transformation temperature. It has been found that strontium and calcium doping 
decrease the transformation temperature to below room temperatuie. Lanthanum 
excess precipitates as LazOg, which hydrates to La(OH)g. This hydration can cause the 
disintegration of the sintered LaMnOg stiucture. Lanthanum deficiencies of less than 
10% have been produced without second phase formation (Takeda et al, 1991), 
whereas at higher levels Mng04  is present as a second phase.
LaMnOg exhibits p-type conductivity due to cation vacancies (Kuo and Anderson, 
1990). Its electrical conductivity has been improved by substituting lower valence 
cations on either the A or B sites. Various cations have been used as 
dopants, but presently strontium and calcium are the most commonly used 
(Minh and Takahashi, 1995). This is because these dopants give not only high 
electrical conductivity in oxidising atmospheres, but also thermal expansion 
coefficients similar to that of YSZ. There are temperatme limits to LaMnOg 
fabrication. Above 1400°C manganese is a mobile species and can easily diffuse to 
the electrolyte and change its electrical characteristics (Kawada et al, 1992). 
LazZrzO? forms above 1200°C as well as other zirconate phases formed from dopant 
elements. These phases have considerably lower electrical conductivity and thermal 
expansion than YSZ (Minlr and Takahashi, 1995). This is deleterious to the cell 
performance because these compomids foim an insulating layer and induce thermal 
stresses at the cathode/electrolyte interface.
Cathode current collector materials are required to provide the electrical conduction 
fi'om the cathode and be stable in an oxidising atmosphere for prolonged periods of 
time. The geometry of the cunent collector layers in the IP-SOFC design requires the
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materials used to have high conductivities. The high temperature conductivities and 
thermal expansion coefficients for a range of cathode materials are given in table 2.3. 
It can be seen that platinum and palladium offer conductivities that are many 
orders of magnitude lai'ger than the other cathode materials. Of the other 
materials Lao.7Sro.3CuO2.5-8 has the highest conductivity of 800 S cm‘  ^ at 800°C 
(Yu and Fung, 2003a). LaFeo.sNio.sOg-s and Lao.TSro.sMnOg.g have conductivities of 
290 and 200 S cm“\  respectively, at 800°C. Unfortunately Lao.7Sro.3CuO2.5-s has a very 
large thermal expansion coefficient and there are possible stability problems with 
8 mol% YSZ at 900"C (Yu and Fung, 2003b).
Table 2.3 CTE and conductivity of a range of cathodes at 800°C
M aterials C TE(lO’^ K'^)
C onductiv ity  
(S cm ’) R eference
L azN io.gC uo.zO ^+s 13.3 65 (Kharton et al,  2003)
LazNio.çCoo. 10 4 + 5 1 2 . 8 42 (Kharton et al,  2003)
Lai ,9 8 1 0 . iNio.98Feo.o204+s 12.5 6 6 (Kharton et al,  1999a)
L a z N io .sg F eo o zC u o  loO/i+s 10.5 35 (Kharton et al,  1999a)
L azC uo.çgC ooozO ^+g 1 2 . 2 13 (Bochkov et al,  1999)
La2Cuo.7oCoo.3o04+ô 1 2 . 6 8.4 (Bochkov et al,  1999)
LaFeo sN io.sO g.g 11.9 290 (Kharton et al,  1999b)
L a G a o .sN io sO g + g 11.4 24 (Yaremchenko et al,  1999)
L ao 7S10 3M n03_g 11.7 2 0 0 (Kharton et al,  2000)
Lao.6 Sro.4MnO. 8 N io.aOs-s 12.7 180 (Gaiduk et al,  1994)
Lao.7 Sro.3CuO2.5-5 « 1 6 “ 800 (Yu and Fung, 2003a)
YCuo.45Mno.55O3 * - 2.8 (Gutierrez et al,  2002a)
YNio.33Mno.6 7O3 * - 6.3 (Gutierrez et al,  2002b)
Platinum ^ 10.2 23000 (Brandes and Brook, 1992)
Palladium ^ 13.6 25000 (Brandes and Brook, 1992)
CTE data fi'om poster presentation by Yu H.C., Fung K.Z., at the Eighth International Symposium on 
Solid Oxide Fuel Cells VIII, France, April 27-May 2, 2003 
* Conductivity at 700°C 
 ^CTE and conductivity at 1000“C
2 3.4.5 Interconnect Materials
The requirements for interconnect materials are the most demanding of all the cell 
components. They need to provide the electrical connection between the anode of one 
cell and the cathode of the next without reacting with either, and also acting as a 
barrier to prevent the fuel and oxidant from mixing. This necessitates a dense 
microstmcture, or at least one with closed porosity, to prevent gas leakage between 
the cells. As it is exposed to both the fuel and oxidant, the interconnect must be stable 
in both reducing and oxidising atmospheres for prolonged periods of time.
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For intermediate and low temperature SOFCs metallic interconnects are a possible 
solution. These materials are out of the scope of this review, since the high 
operational temperatuie precludes their use in IP-SOFC design; they have been review 
by Zhu and Deevi (2003a, 2003b).
For high temperature SOFCs only a few oxide systems can be considered for use as 
interconnects (Minh, 1993), with doped lanthanum chromite (LaCrO^) the most 
commonly used material (Zhu and Deevi, 2003a). LaCrOg is a perovskite oxide with a 
melting point >2400°C (Minh, 1993). It has an orthorhombic crystal structuie up to 
about 240 to 280°C where upon it undergoes a transformation to a rhombohedral 
structme (Yoshida et al, 1999). Above 1600°C the rhombohedral structure transforms 
to a cubic structure (Geller and Reccah, 1970). The temperature of the orthorhombic 
to rhombohedral transformation is dependent on the lanthanum stoichiometry and the 
lanthanum/chi'omium ratio (Srilomsak et al, 1989). Doping with strontium for 
lanthanum in LaCrOg stabilises the rhombohedral structure at room temperature 
(Khattak and Cox, 1977). Nickel substitution for lanthanum or calcium for chiomium 
increases the transformation temperatuie (Minh, 1993) whereas magnesium does not 
alter it (Srilomsak et al, 1989).
LaCrOg is a p-type conductor with a conductivity, at 1000°C in air, of about 1 S cnT^  
(Minh, 1993). The substitution of lower valence ions on either the lanthanum or 
chi’omium sites results in a charge compensation transition of Cr^  ^ to Cr"^ "^  with a 
corresponding increase in electron holes (Yasuda and Hikita, 1993) which results in 
enhanced conductivity. This is illustrated in figme 2.12, where at high oxygen partial 
pressm-e an increase in the mount of calcimn (Ca) doping leads to a significant 
increase in conductivity (Yasuda and Hikita, 1993). Additionally the electrical 
conductivity of doped LaCrOg is independent of oxygen partial pressure down to a 
critical value, after which the conductivity decreases exponentially. This critical 
partial pressure is found to decrease with lower dopant concentrations and lower 
temperatm'es (Anderson et al, 1985).
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The critical partial pressure varies from approximately 10'^  ^ to 10'^ ® atm for low and 
higher levels of calcium doped lanthanum chi'omite respectively (figure 2.12). This is 
well within the oxygen partial pressure range expected on the anode side, which 
varies from 10'^  ^ to 10'  ^ atm (Zhu and Deevi, 2003a). This rapid decrease in 
conductivity at low oxygen partial pressuies has been attributed to a change in the 
charge compensation mechanism to that of oxygen vacancy formation (Yasuda and 
Hikita, 1993), where two electron holes are consumed for every double charged 
oxygen vacancy. This reduces the electron hole concentration and hence the electronic 
conductivity. This has been validated by experimental measui'ements of conductivity 
as a function of oxygen vacancy concentration, as shown in figuie 2.13. As the 
oxygen partial pressure falls below the critical value the oxygen vacancy 
concentration increases (Flandermeyer et al, 1985). The conductivities of a range of 
doped LaCrO] at 1000°C, in air and a reducing atmosphere, are shown in table 2.4.
2.0
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Figure 2.12. Electrical conductivity as a function of oxygen partial pressure for 
three compositions of Lai_xCaxCr03 .g at 1000°C (after Yasuda and Hikita, 1993).
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Figure 2.13. Oxygen vacancy concentration and electrical conductivity 
as a function of oxygen pai*tial pressui'e for LaCri-xMgxOs at 1200°C 
(after Flandermeyer et al, 1985).
Table 2.4 Electrical conductivities of doped LaCrOg (after Armstrong et al, 1999)
Composition ------- VyUiiVtUVLiVilJAir
viii ) at 1 vvv
Reducing Atmosphere ^
Lao.ssSi’o.isCrOa 2 1 . 8 11.5
La0 .8 5Sr0 .15Cr0 .95V 0 .0 5O3 20.9 15.4
La0 .8 5Sr0.15Cr0 .9sCu0 .0 2O3 32.5 9.9
Lao.9 Sio. 1 Cr0.9Mg0 .05V 0 .05O3 15.1 7.7
La0 .9 Sr0.1Cr0.93Mg0 .0 5Cu0 .0 2O 3 25.7 6.5
La0.9 5Sr0 .05Cr0 .85Mg0 .1V 0.0 5O3 12.9 4.8
La0 .9 5Sr0 .0 5Cr0 .88Mg0 .1Cu0 02O3 21.8 4.4
LaogSi'o. 1 Ci'o.95 V 0.05O3 9.7 8.5
Lao.9 Sro.1Cro.9sCuo.02O3 22.5 4.9
^ Oxygen partial pressure o f 10 ‘^ Æm
Furthermore doped LaCrOg experiences an isothermal expansion below a critical 
oxygen partial pressure (Mori et al, 1997a). This phenomenon has been attributed to 
the change in the charge compensation mechanism to that of oxygen vacancy 
formation with the resultant reduction of the Cr'^  ^ ions to the larger Cr"^  ^ ions and 
reduced coulomb interactions between the cations and anions (Mori et al, 2001). 
Recently Atkinson and Ramos (1992) and Yakabe et al, (1999) have investigated the 
stress generated in the interconnect by the isothermal expansion of doped LaCrOg.
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Yakabe et al, (1999) found that in a 100 mm x 100 mm x 3 mm interconnect plate 
under SOFC operational conditions a maximum tensile stress of 50 MPa would be 
generated.
The isothermal expansion under a reducing atmosphere was found to increase with 
increasing calcium or strontium content in LaCrOg (Mori et al, 2001). The thermal 
expansion coefficient of a range of doped LaCrOg compositions in both air and a 
reducing atmosphere are shown in table 2.5. Mori et al, (2001) examined the thermal 
expansion coefficient of lanthanum strontium chromites with various B-site dopants 
with the aim of matching the CTE of 8 mol% YSZ more closely in air and in a 
reducing atmosphere with some success. Further work on Ti B-site doping by Mori 
and Hiei (2001) found that the thermal expansion coefficient of Lao.8Sro.2Cro.9Tio.1O3 
was 10.4 X 10'  ^ K’^  and 10.5 x 10'  ^ K'  ^ in air and under SOFC anode operating 
conditions, respectively. This reduction in the isotheimal expansion was attributed 
to the effect Ti'^ '*' ions have in preventing the Cr^  ^ to Cr"^  ^ transition 
(Mori and Hiei, 2001).
Samples Coefficient o f Thermal Expansion (x 10'® K'*)
In Air I n H /
8 mol% YSZ 10.3 10.3
LaCrOs 8.6 8.6
Lao 9S10 iCrO] 9.6 10.5
La0 .9Sr0.1Cr0.95Mg0 .05O3 9.2 10.3
Lao.9 Sio.1Cro.95Alo.05O3 9.7 10.8
LaooSi'o. 1 Cr0.95Ti0.0 5O3 9.0 9.3
Lao9Sro. 1 Cro.95M 1io.05O3 10.2 11.2
Lao.9 Sro.1Cro.95Feo.05O3 9.5 10.2
La0.9 Sr0 .1Cr0 .95Co0.05O3 10.4 11.5
L a 0 . 9 S r 0 . 1 C r 0 . 9 5 N i 0 . 0 5 O 3 9.4 10.1
® Oxygen partial pressure o f 4.2 x 10' atm
The most severe challenges with using doped LaCrOg are the inlierent difficulties in 
obtaining highly dense components. It is well known that chromite (Ownby and 
Jungquest, 1972) and subsequently LaCrOs (Meadowerft and Wimmer, 1979) are 
difficult to sinter to high density in air due to the volatility of chromium at high 
temperatuie. This leads to an evaporation-condensation sintering mechanism in which 
the CrO] vapour condenses to form Ci^Og at the interparticle necks during the initial
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stage of sintering (Yakokawa et al, 1991). As the soui'ce for much of the neck growth 
originates from the particle surfaces there is little densification or pore removal. Using 
an atmosphere with a sufficiently low oxygen partial pressure to reduce Cr20] to Cr 
had been used to sinter both chromite (Ownby and Jungquest, 1972) and LaCrO^ 
(Groupp and Anderson, 1976) at 1600°C to high densities.
Several approaches to lowering the sintering temperature in air have been 
investigated. Recently Cakraborty et al, (2000) reported that the use of ultrafme 
(median particle size of 0.57 pm) powders of calcium doped lanthanum chromite 
could be sintered to approximately 99% theoretical density between 1200-1250°C in 
air. Chromium deficiency has been foimd to be particularly effective. 
Sakai et al, (1991) found that a chromium deficiency of 2 mol% was sufficient to 
increase the density of calcium doped lanthanum cliromite to 94% of the theoretical 
density when sintered at 1300°C in air.
2.4 Concluding Remarks
This chapter has reviewed the general categories and applications of fuel cells. The 
Rolls-Royce IP-SOFC design has been discussed in detail and requires current 
collectors with a large current length to cross sectional area ratio, making the 
minimisation of the resistance more challenging compared with conventional SOFC 
designs. Due to their low electrical conductivities, conventional anode and cathode 
materials are not sufficient in themselves to provide the in-plane conductance to the 
cell connector in the IP-SOFC design. Additionally cathode materials with higher 
levels of conductivity have coefficients of thermal expansion that are significantly 
larger than that of the electrolyte, and possibly react with YSZ at high temperatures. 
Conventional interconnect materials have a number of associated problems including 
low electrical conductivity, mismatch in coefficient of thei'mal expansion with YSZ 
and difficulties in sintering to high density in air due to the volatility of chiomium at 
high temperatuie.
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3 Economic and Materials Availability Issues
3.1 Introduction
At present, platinum group metals (PGMs) are used as the anode current collector 
(ACC) layer in the Rolls-Royce Integrated Planar Solid Oxide Fuel Cell (IP-SOFC) 
development programme. These materials were selected because they provided 
sufficient electrical conductivity at operational temperature and relatively inert with 
respect to the other cell materials. This is an acceptable solution to allow the research 
and development of the functional layer materials to proceed in a timely manner. The 
cost of this material does not preclude the technology fi'om becoming a commercial 
product, but costing studies, however, showed that they accounted for the majority of 
the materials cost. Therefore it is predicted that significant economic benefits could 
be realised by optimising this layer and minimising the associated cost.
Another important consideration dui'ing material selection is the production market of 
the materials. It is necessary to take into account the material market in terms of its 
size, main supplier/consumers and their fiituie trends. Additionally the effect that the 
extra demand would have on the total demand compared to the supply of a given 
material would need to be considered. If it was found that the anticipated demand for 
this material would be a significant proportion of the world annual production, this 
could lead to market instability, rising prices and supply problems.
In this chapter the electrical conductivity per unit cost for a range of materials that 
might be considered for the anode current collecting region will be discussed and 
compared. The materials that offer the greatest potential for cost reduction are 
identified for further investigation. Additionally, estimates of the amounts of the 
precious metals and the most promising replacement material that would be required 
for full scale production of 1 MW SOFC units will be calculated and the market for 
these materials will be analysed and compared. This will highlight the effect that the 
extra demand for these materials would have on their markets if they were used in the 
ACC.
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3.2 Economic Analysis of Current Collector Materials
In order to be able to compare materials that might be used in the current collector 
region, a functional unit, which describes both the electiical conductivity and cost, has 
been defined here. This is the Cost Specific Conductivity (CSC) and is a measure of 
the conductivity per unit cost of a material. It is calculated by dividing the 
conductivity by cost and is expressed in the units of S kg cm'  ^ $'^  (equation 3.1). 
A high conductivity or low cost would lead to a high CSC value.
Cost Specific Conductivity = (3.1)
The conductivity of suitable metallic elements, i.e. ones that are solid and conduct 
electrically at 950°C, and commonly used SOFC materials were compared. The 
SOFC materials used were nickel/yttria stabilised zirconia (Ni/YSZ) cermet (35 mol% 
nickel), strontium doped lanthanum manganite (LSM) and strontium doped lanthanum 
chi'omite (LSCO). The conductivity and costs in 2002 for these materials as powders 
were collated and are detailed in table 3.1.
Table 3.1 The conductivities and costs of possible anode current collector materials
M aterial Conductivity at 950°C (S cm'^) ® Reference Cost ($ kg*) " Reference
Cobalt 1.71x10'' 1 797 3
Copper 1.39x10^ 1 523 3
Gold 9.03x10" 1 275,778 3
Iron 4.31x10^ 1 160 3
Molybdenum 4.02x10" 1 1,428 3
Nickel 2.31x10" 1 169 3
Niobium 1.51x10" 1 645 3
Palladium 2.67x10" 1 97,748 3
Platinum 2.58x10" 1 111,230 3
Rhenium 1.72x10" 1 37,812 3
Rhodium 4.66x10" 1 203,769 3
Silver 1.37x10^ 1 3,132 3
Tantalum 2.20x10^ 1 6,803 3
Titanium 5.49x10" 1 1,950 3
Tungsten 2.70x10" 1 2,565 3
Ni/YSZ Cermet 3.02x10^ 2 1,495 4
LSM 1.28x10^ 2 795 4
LSCO 3.08x10' 2 - -
 ^The conductivity at 950°C was extrapolated from the data given in the references.
 ^The prices were converted into US$, at the exchange rate on the 14/08/2002, (US$ 1.53:1 f  Sterling). 
’ Braudes and Brook (1992)  ^Alfa Aesar Catalogue (2002)
 ^Bossel (1992) Nex-Tech Materials (2002)
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The CSC values, using the cost in 2002, for the range of materials is shown in 
figure 3.1. The results show four distinct groups of materials, with the CSC for each 
group differing by an order of magnitude. The group with the largest CSC values 
contains copper and nickel. The next group down contains cobalt, iron, molybdenum, 
niobium, silver and tungsten, with tantalum and titanium in the following group. The 
group with the lowest CSC values contains gold, palladium, platinum, rhenium, 
rhodium, Ni/YSZ cermet and LSM. LSM has the lowest CSC value.
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Figure 3.1 The Cost Specific Conductivity (CSC) values at 950°C 
for the range of assembled materials at the present-day cost.
There are some obvious problems with the application of several of the materials in an 
operational SOFC. Silver, copper and gold have melting points of 962°C, 1085°C and 
1064°C respectively (Brandes and Brook, 1992). These are well below the firing 
temperature of the anode and cathode (1450°C and 1200°C, respectively). At 900°C, 
nickel and iron have coefficients of thermal expansion of 16.3 x 10'^  K'* and
14.6 X 10'^  K’’ respectively (Brandes and Brook, 1992) which are significantly larger 
values than that of 8 mol% YSZ at 10.3 x 10'^  K"’ (Mori et ai, 1997b).
Other potential problems with some of the materials considered include interaction 
with the electrolyte which would reduce the ionic conductivity. Reaction with the 
other materials in the fuel cell to form electrically insulating phases could also be a
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problem. The anode current collector is sintered in an oxygen atmosphere during 
manufacture and if subsequent reduction is necessary this should be without a 
significant change in volume.
However, the SOFC materials are not presently available as large volume commercial 
products. The estimated commercial costs for these materials were obtained from 
published reports and are detailed in table 3.2. As there was a significant amount of 
variability in estimated costs, upper, mean and lower limits were taken and analysed 
accordingly. These results are shown along with their current cost in figure 3.2.
Table 3.2 The estimate commercial costs ($ kg'*) for commonly used SOFC materials
Material Itoh et al., (1994)"
Cotton,
(1995)
Romero & 
Wright, 
(1996)
Romero & 
Wright, 
(1996)
Romero & 
Wright, 
(1996)
Romero & 
Wright, 
(1996)
Thijssen,
(2001)
Ni/YSZ cermet 17 25 4.5 60 50 24 31
LSM 37 18 80 63 19 40 9
LSCO 5 19 80 70 35 60 -
Conversion from Yen was taken from (Cotton, 1995)
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Figure 3.2 The Cost Specific Conductivity (CSC) values, at 950°C, for the estimated 
volume commercial production cost of Ni/YSZ cermets, LSM and LSCO materials. 
Highlighting the upper, lower and averages estimated volume production cost.
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The results sho-w that LSCO always has a CSC value that is an order of magnitude 
lower than those for Ni/YSZ cermet and LSM, iiTespective of the anticipated cost 
limit. On a pessimistic level, using the upper or average anticipated cost limit figm'es, 
Ni/YSZ cermet and LSM materials have CSC values similar to those for tantalum and 
titanium, which are an order of magnitude greater than platinum and palladium, 
whereas LSCO is similar to platinum and palladium. Using the more optimistic lower 
anticipated cost limit figui'e, Ni/YSZ cermet and LSM have CSC values similar to 
those for cobalt, iron, molybdenmn, niobium, and tungsten. These are two orders of 
magnitude greater than platinum and palladimn. LSCO in contrast only has a CSC 
value an order of magnitude greater than platinum and palladium. As the spread for 
the anticipated cost for Ni/YSZ cermet, LSM and LSCO materials is so wide it is 
more likely tliat these materials will not provide significant cost benefit.
Nickel, however, is presently used as a component in SOFC anodes and this, coupled 
with its high conductivity per unit cost, mean that it is worthy of further investigation 
as an anode current collector.
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3A Material Availability
3.4.1 Material Markets
3.4.1.1 Platinum Group Metals
The historic price of nickel, platinum and palladium from 1950 to 2004 is shown in 
figiue 3.3. The prices are reported in 2004 US$ to account for inflation over this time 
period. The inflation conversion factors used to calculate the equitant price in 2004 
were derived from the ‘consumer price index for all urban consumers’ measured and 
published by the United States Bureau of Labour Statistics (Sahr, 2005).
The supply of platinum and palladium by coimtry over the last 24 years is shown in 
figme 3.4 and 3.5 respectively. Two countries dominate the production of both 
platinum and palladium. South Africa historically accotmts for approximately 75 wt% 
of the platinum production followed by Russia at 15wt%. Over the past 24 years there 
has been a relatively steady production growth of platinum production at around 
4 wt% per aimum. Palladium on the other hand has experienced volatility since the 
mid 1990s. Up until the mid 1990s the production of palladimn was dominated by 
Russia and South Africa at approximately 45 and 35 wt%, respectively. Since the mid 
1990s were has been large volatility in palladium production, which follows the 
volatility in the Russia palladium production. Dming the late 1990s Russia’s 
production of palladium grew by up to 37 wt%, until 2001 when it decreased by 
65 wt%. Since then Russia has gone back to 1995 production levels. This is contrary 
to the fairly steady growth fr'om South Afr ica and the rest of the world since 1990 at
5.6 and 8 wt% per annum, respectively.
The majority of platinum is consumed to make autocatalysts and jewellery but over 
half of the palladium is used to make autocatalysts. These are used in automobiles to 
lower their emission of carbon monoxide, hydrocarbons and nitrogen oxides. The 
different conditions petrol and diesel engines operate under, require them to use 
different precious metal based catalysts. The exhaust gases from petrol engines are at 
a higher temperature than foimd for diesel engines due to the higher air to fuel ratio
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used in diesel engines. The high exhaust temperatures allow petrol engines to use 
platinum or palladium to oxidise carbon monoxide and hydrocarbons and rhodium to 
catalyse the reduction of nitrogen oxides to nitrogen. Diesel engines on the other hand 
need to use sophisticated engine control measures to restrict nitrogen oxides 
emissions and only platinum catalysts to oxidise carbon monoxide and hydrocarbons 
to the required levels (Johnson Matthey, 2002).
Since the early 1990s automobile manufactures had been changing to palladium or 
palladium-rhodium catalysts for petrol engine cars in place of platinum due to the 
lower price of palladium. This changed in 2002 when the amount of palladium for 
autocatalysts fell by almost a half and demand has stayed relatively constant since. 
This is in contrast to the demand for platinum autocatalysts, which was decreasing 
until 1999, after which rapid growth was experienced. The rapid decrease in demand 
for palladium autocatalysts was caused due by two main factors. Firstly there was a 
rapid increase in the price of palladium due to the erratic supplies from Russia fi'om 
1997 and the speculation on the effect that the negotiation between Russia and the 
International Monetary Fund could have on supply (Johnson Matthey, 1999). The 
price peaked in early 2001 due to a major supply shortage caused by changes in the 
Russian export laws (Johnson Matthey, 2001). Secondly, there was a increasing 
demand for diesel cars causing an increasing use of platinum autocatalysts. By 2004 
the quantities of both platinum and palladium used in autocatalysts were almost equal, 
at ar ound 90 tonnes each per year.
Strong demand for both platinmn and palladium in the coming years is predicted to 
come from autocatalysts, due to ever more stringent emissions regulations (Johnson 
Matthey, 2002) and from industrial growth in China. In recent years, the demand in 
China for precious metals has come from both increased industrial demand from its 
growing manufacturing industries and from the increased popularity of platinum, and 
particularly palladium, jewellery (Johnson Matthey, 2005b).
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3.4.1.2 Nickel
The supply of nickel by country over the last 14 years is shown in figure 3.6. In 
contrast to the supply of PGMs, five different countries dominate the supply of nickel. 
These countries are Russia, Australia, Canada, Indonesia and New Caledonia and 
between them they produce 68.6 wt% of the nickel in the world. The uses of nickel in 
2003 are shown in figure 3.7. The vast majority of nickel is consumed in the 
production of steels, particularly stainless steels (Inco, 2005). The proportion of the 
different types of primary nickel is shown in table 3.3:
Table 3.3 World primary nickel production by product (USGS, 2003b)
Product Weight %
N ick el metal 56
Ferronicke! 22
N ick el oxide 9
C hem ical 2
U nspecified 11
At the beginning of the 1990s there was a reduction in nickel production. This was 
caused by the reduced demand for stainless steel, due to the worldwide recession at 
the time. The price of nickel dropped dramatically due to the combined effect of 
falling demand and a flood of cheap exports from the countries of the former Soviet 
Union, which had recently disintegrated. Since the mid 1990s there has been a steady 
growth in nickel supply, mainly from the exploitation of new laterite ore deposits in 
Australia (USGS, 2003a).
■  O ther C ountries
■  New  C aledonia  
C  Indonesia
■  C a n ad a
^  1.000.000
0) 000.000
1990 1992 1994 1996 1998 2000 2002 2004
O th e r
F o u n d ry
Plating
N o n -fe r ro u s
A lloys
S ta in le s s  &
Alloy S te e l
7 0 %
Figure 3.6 The supply by country of nickel Figure 3.7 The worldwide use of nickel 
from 1990 to 2004 (USGS, 1994-2003) by mass in 2003 (Inco, 2005)
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Strong demand for nickel is expected in the coming years as the demand for stainless 
steel in China has been particularly robust since 2000 and is expected to continue to 
grow. The growth is anticipated to be so strong that there are concerns that global 
demand for the metal could outstrip supply before several new mining projects are 
completed (USGS, 2003a).
3.4.2 Estimated Amounts of Materials Required
Estimates for the amounts of platinum or palladium used in the ACC and nickel oxide 
in the anode needed to manufacture a 1 MW SOFC were calculated from historic 
production data collected by Rolls-Royce. The mass of material deposited for each of 
the layers, has periodically been measmed during production. The data for the ACC 
using a platinum or palladium based ink and for the anode, normalised by the area 
printed, are shown in table 3.4.
Ink ACCPt +  NiO + YSZ Pd +  NiO + YSZ
Anode 
NiO + YSZ
M ean 5.19 xlQ-3 4.63 xlO'^ 4 .56  x io ^
Variance 2.13 xlO ^ 1.71 xlO^ 7.64  xlO  «
Standard D eviation 4.61 xiO'" 4 .14  xlO'" 2.76  x i o "
Standard Error 6.65 xlQ-s 1.69 X1&4 3.99  xlO'^
Sample Size 48 6 48
Combining this information with the ink compositions (table 3.5) and a knowledge of 
the Rolls-Royce IP-SOFC design (table 3.6), the amount of platinum or palladium for 
the ACC and nickel oxide for the anode, needed to make a 1 MW SOFC was 
calculated. These estimates are shown as a function of the manufacturing yield in 
figure 3.8. Assuming a manufactming yield, from the cell printing to the I MW 
product assembly, of 90% the amounts of platinum and palladium required for the 
ACC in a 1 MW unit are 25.3 and 22.5 kg, respectively. The amount of nickel oxide 
needed for the anode using the same yield is 9.3 kg for a 1 MW unit.
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Table 3.5 The composition of the inks (weight %)_____
ACC Anode
Pt + NiO + YSZ Pd + NiO + YSZ NiO + YSZInk
Platinum 
Palladium 
Nickel Oxide 
YSZ 
Binder
61.3
6.8
1.5
30.4
61.3 
6.8 
1.5
30.4
40
26.7
33.3
Table 3.6 The Rolls-Royce IP-SOFC cell infonnation 
Power output per cell 1 watt
Number of cells per module 30
Number of modules per MW 33,334 
Anode current collector area per module 214.65 cm^
_____________Anode area per module  136.74 cm^
Platinum
X j
Paliadium l'sI
120
3
1
20
NiO
55  60 65 70 75 80 85 90 95 100
Yield {%)
Figure 3.8 The estimated amounts of platinum or palladium needed for the ACC and 
nickel oxide for the anode, for a 1 MW unit as a function of the manufacturing yield. 
The error bars represent the 95% confidence limit.
As mentioned in chapter 2, the first generation product from Roll-Royce is aimed at 
the 1 MW continuous use decentralised power generation market. Traditionally this 
market has been served by reciprocating engines and gas turbines. The number of 
these engines sold over the last fbui' years is shown in table 3.7. From this, an average 
of approximately 1,800 units 1-2 MW sized, continuous use power generators are sold 
per year.
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Table 3.7 Yearly 1-2 MW sized reciprocating and gas turbine 
orders by generating service (McNeely, 2002, 2003, 2004)
Year Units Ordered ^jpe of Generating ServiceStand by Peaking Continuous
2004 6,053 4,048 179 1,826
2003 5,404 3,575 216 1,613
2002 5,101 3,288 77 1,736
2001________8,197_________5,637 507______2,053
Average______6,189   4,137 245______ 1,807
Using this information, estimates were made for the amounts of platinum or 
palladium in the ACC and nickel oxide in the anode required for various numbers of 
1 MW units. Additionally the estimated amounts of these materials were compared to 
their total primary production in 2004. The results from this analysis are shown in 
figures 3.9 and 3.10 for platinum and palladium in the ACC, respectively, and in 
figure 3.11 for nickel oxide in the anode.
These results clearly show that for 5 % of the 1-2 MW continuous use market, the 
amount of platinum or palladium required for the ACC would be around 1 wt% of 
their annual primary production. This would represent the borderline for a commercial 
product as this would represent a significant proportion of the precious metal market, 
and this level of increase in demand for either metal is likely to lead to rising prices.
The amount of nickel oxide that would be used in the anode for 5 % of the 1-2 MW 
continuous use market would represent around 0.001 wt% of the annual production of 
nickel oxide. At 20 % of the 1-2 MW continuous use market the amount of nickel the 
anode would require would only represent around 0.003 wt% of the annual 
production. Even if the amount of nickel oxide was doubled or trebled, these levels 
for the increased demand for nickel oxide would barely affect its total demand.
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Figure 3.9 The estimated amounts of platinum needed for the ACC as a function of 
1 MW units manufactmed, illusti*ating the portion of the 2004 platinum production 
that the ACC would consume. The error bars represent the 95% confidence limit.
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Figure 3.10 The estimated amounts of palladium needed for the ACC as a function of 
1 MW units manufactur ed, illustr ating the portion of the 2004 palladium production 
that the ACC would consume. The en'or bars represent the 95% confidence limit.
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Figure 3.11 The estimated amounts of nickel oxide needed for the anode as a 
function of 1 MW units manufactured, illustrating the portion of the 2003 
nickel oxide production that the anode would consume. The error bars 
represent the 95% confidence limit.
3.5 Concluding Remarks
The evaluation of the electrical conductivity per unit cost, highlighted a considerable 
variation between materials. Copper and nickel offer the largest conductivity per unit 
cost and the conventional SOFC materials and the noble metals the lowest. Even with 
the consideration of the estimated commercial costs anticipated with large volume 
production, conventional SOFC anode and cathode materials are still two orders of 
magnitude lower than copper or nickel. Several of the materials considered, such as 
copper and silver, have melting points that are well below the firing temperatures used 
in the manufacture of the cell. Others, such as nickel and iron, have coefficients of 
thermal expansion considerably larger than that of YSZ.
The annual primary production of platinum or palladium is approximately 200 tonnes 
and comes mainly from two countries, South Africa and Russia. South Africa supplies 
approximately 75 wt% of the world platinum and 35 wt% of the palladium and has 
seen relatively stable growth in production over the last 24 years. Russia supplies 
approximately 15 wt% of the platinum and 45 wt% of the palladium and, in contrast
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to South Africa, has seen erratic production due to political problems which have 
caused extreme volatility in the price of palladium and to a lesser extent platinum. The 
dependence on so few countries to supply a particular* commodity has inherent risks to 
both the stability of the supply and price. Any problem in one cormtry, owing to a 
natural disaster or political instability, can cause major fluctuations in the market, as 
shown in Russia recently. The demand for both metals for autocatalysts is anticipated 
to grow strongly due to the ever more stringent emissions regulations for automobiles, 
and the popularity of platinum and palladium jewellery, par*ticularity in China.
The annual supply of primary nickel on the other hand is approximately 1.4 million 
tonnes and comes from a number of different countries. Additionally its supply has 
not been as erratic as has been the case for palladium over the last 14 years. Again the 
demand for nickel is anticipated to grow strongly due to China’s demand for stainless 
steel, but its price is many orders of magnitude less than platinum and palladium.
Estimated quantities of platinum or palladium required in the ACC and nickel oxide 
in the anode for a 1 MW SOFC power generator were calculated. From these 
estimates it was found that for around 5 % of the 1-2 MW continuous use power 
generator market the ACC would require approximately 1 wt% of the platinum or 
palladium produced in 2004. This level of extra demand for either metal would have a 
major effect on their prices. Nickel oxide for the SOFC on the other hand was found 
to consume approximately 0.001 wt% of nickel oxide production in 2004. Here 
considerably more nickel oxide could be used without producing excessive extra 
demand that could affect the price.
From all of these considerations nickel or nickel oxide offers potential for use as the 
ACC compared to platinum or palladium. It has a higher conductivity per unit cost; 
further, it has a larger supply base from more countries which reduces the risk of 
instability in its supply and price. Additionally it is already used as a component in 
SOFC anodes, which reduces the risks of any problematic reactions with other SOFC 
materials. In summary, nickel is worthy of fui*ther investigation as an anode current 
collector.
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4 Environmental impacts and Health and Safety Issues
4.1 Introduction
In Chapter 3, nickel was highlighted as a potential replacement for precious metals in 
the anode current collector. The criteria used to evaluate potential replacements were 
mainly economic; consideration was given, however to the problems that were likely 
to be encountered during manufactui'e and operation. Thus, any environmental, health 
and safety impacts were neglected. To take a holistic approach to any material 
selection process, all impacts need to be considered at the beginning. This decreases 
the risk of big ‘show stopping’ issues becoming evident too far down the development 
process.
A full life cycle assessment from ‘cradle to grave’ would be needed to evaluate fully 
the impacts of different material options. This is often not done during the research 
and development phase of product development for two main reasons. Firstly, for a 
full life cycle assessment the level of detail needed about the materials, manufacturing 
process, plant locations, logistics and disposal is very high. It is often difficult to 
provide these details during the research and development stage, as many of the issues 
have still to be worked out. Secondly, the amount of time and resources needed to 
examine fully each of the different materials with their different manufactming and 
disposal options is very large.
One of the design requirements in the integrated planar solid oxide fuel cell 
(IP-SOFC) concept is, that all of the active layers are fabricated using screen-printing. 
Every material selected for the anode cmxent collector would have to be made into an 
ink, which would necessitate the material being a fine powder. The viscosity of an ink 
is affected by the binder, solid content and the size and shape of the powder. 
Providing that when the material was changed the other variables were kept constant, 
the viscosity of the ink would also be constant. This means that different materials 
could be substituted directly into the ink without changing the manufactming process. 
Sti’ictly speaking small amounts of organic additives are added to the ink to prevent 
the powder from agglomerating. These additives are different for each material
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because they are tailored to the surface chemistry of the material. As a first 
approximation, the environmental effects of theses organic additives are assumed to 
be minimal, compared with the production of the anode cmxent collector materials, as 
only small quantities as used (between 1-2 wt%). This allows the environmental 
impacts of using different materials to be assessed by comparing the mining and 
refining of the raw materials. This assumption may need to the revaluated after a more 
detailed study into the toxicity and environmental impacts from these organic 
additives, as a small quantity of a highly toxic substance can a disproportionate effect.
In this chapter the environmental impacts associated with the mining, smelting and 
refining of platinum group metals (PGMs) and nickel will be discussed and compared. 
Additionally, the impacts these materials could have on the recycling/disposal of a 
SOFC and any health and safety implications are also discussed.
4.2 Environmental impacts
4.2.1 Nickel and Platinum Group Metal Production
Nickel is mined economically from laterite and sulphide ores (Moskalyk and 
Alfantazi, 2002a). Laterite ores are found in tropical regions or what had been 
sub-tropical regions in the past, and account for around 70% by weight of the world’s 
non-ferrous metals reserves (Moskalyk and Alfantazi, 2002a). These ores occur close 
to the surface and are generally recovered using open cast mining techniques. Major 
laterite ore deposits are found in Australia, Cuba, Indonesia, New Caledonia, Papua 
New Guinea and the Philippines (Moskalyk and Alfantazi, 2002a).
Sulphide ores are normally found in the northern hemisphere and are a major source 
of base and platinum group metals. They produce around 55% by weight of the 
worlds primary nickel (Moskalyk and Alfantazi, 2002b) and virtually all of the PGMs 
(Christie and Challis, 1994; Gilchrist, 1989). Although gold, silver and PGMs are 
found in most sulphide ore deposits it is not economically viable to recover them due 
to their very low concentrations. It is usually only nickel, copper and cobalt that are
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economic to recover (Moskalyk and Alfantazi, 2002b). Major nickel producing 
sulphide ore deposits are found in Australia, Canada, USA, Zimbabwe, and the 
Noril’sk-Talnakh region of Siberia in Russia (Christie and Brathwaite, 1995). The 
higher PGM concentrations tend to be found at greater depths below the surface 
which increases the mining costs (Moskalyk and Alfantazi, 2002b). The ores in 
the Bushveld complex in South Africa are mined predominately for their PGM 
(Jones, 1999).
The concentration of PGMs in economically mined ores varies from 2 g tonne’  ^
(0.0002 wt%) at the open cast mines at Lac des lies, Canada to 24 g tonne’  ^
(0.0024 wt%) at Stillwater, USA (Johnson Matthey, 2001). These concentrations are 
several thousand times smaller than those for economically mined nickel ores at 1.5 to 
3 wt% nickel (Kirk-Othmer, 1995).
A wide variety of hydrometallmgical (leaching or solvent extraction) and 
pyrometalluiy (roasting and smelting) processes are used to refine nickel fr om laterite 
and sulphide ores. Descriptions of the processes have been reviewed by Moskalyk and 
Alfantazi (2002a, 2002b).
There is no generic method for the processing of PGM containing ores as the 
processes used are dependent on the type of ores and their composition 
(Christie and Challis, 1994). Additionally, there is limited information on mining and 
processing of PGMs for of a combination of reasons. First PGM producers have 
historically had strict corporate secrecy polices (Xiao and Laplante, 2004) and 
secondly nickel or PGM mining in Russia was regarded as a state secret and even 
production figures were prevented from being disclosed by state secrecy laws 
(Johnson Matthey, 2004). The most comprehensive published descriptions of PGM 
mining and refining processes are of those used in South Africa. These have been 
reviewed by Jones (1999), Sole et a l, (2005) and Xiao and Laplante (2004).
A simplified flow sheet for the extraction and refining of platinum group metals used 
by Anglo Platinum, South Africa, is shown in figure 4.1. This is essentially an 
extension to the common process used to refine nickel and copper from sulphide ores.
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Figure 4.1 A simplified flow sheet for the extraction and refining of 
platinum group metals used by Anglo Platinum (Anglo Platinum, 2005a)
4.2.2 Environmental Impacts for Primary Metal Production
4.2.2.1 Nickel
In the last few years two life cycle assessments (LCAs) for the production of primary 
nickel have been published (Ecobalance, 2000; Norgate and Rankin, 2000). Both of 
these studies investigated the environmental impacts associated with the mining and 
refining of nickel for use by the secondary manufacturing sector, using what is known
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as ‘cradle to gate’ boundary conditions. This is where the subsequent processing into 
products and their recycling or disposal is not analysed. These types of LCAs are used 
to provide information for other LCAs which examine the full life of a product from 
the mining of the raw materials to their disposal, in what is called ‘cradle to grave’ 
bomidary conditions.
The Nickel Institute, a nickel producer’s trade association, commissioned a study into 
the enviromnental effects associated with the production of primary nickel by its 
members (Ecobalance, 2000). It used production information provided by many of its 
members to produce the average environmental impacts for the industry. The 
companies that participated through supplying raw data represent approximately 55% 
by weight of the worlds primary nickel production. The environmental impacts were 
established for thi-ee primary nickel products: nickel metal >99 wt% pure, nickel 
oxide and feiTonickel. These primary nickel products represent 98 wt% of those 
produced by the participating companies. The proportion these products make up of 
the worlds primary nickel production is shown in table 4.1 :
Product Weight %
Nickel metal 56
Ferronickel 22Nickel oxide 9
Chemical 2Unspecified 11
Norgate and Rankin (2000) compared the enviromnental impacts associated with two 
of the major processing routes for refining nickel. One was the hydrometallurgical 
processing of a lateritic ore (1 wt% nickel concentration) and the other was the 
pyrometallui’gical processing of a sulphide ore (2.3 wt% nickel concentration). The 
data were derived solely fi'om the open literatme. The processing route was found to 
have a profound effect on the environmental emission. The pyrometallurgical process 
was found to be almost half as energy intensive as the hydrometallurgical process. 
Fmlherinore the contribution of the global warming potential from the pressure 
leaching stage in the hydrometallmgical process is almost the same at the total from 
the pyrometallurgical process.
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A summary of the results from Ecobalance (2000) and Norgate and Rankin (2000) is 
shown in table 4.2. It can be seen that the energy to produce 1 kg of nickel is around 
200 MJ, although there is quite a spread in the results between the studies. In contrast 
the global warming potential calculated in these two studies aie comparable 
and the industrial average (Ecobalance, 2000) was found to be in-between that 
reported for the pyrometallurgical and hydrometallurgical processing routes 
(Norgate and Rankin, 2000).
Table 4.2 A summary of the environmental impact of primary nickel production.
Environmental
Impacts
(Ecobalance, 2000)
Nickel Nickel Oxide
Industry Average Industry Average 
(per 1 kg nickel) (per 1 kg NiO)
(Norgate and Rankin, 2000) 
Nickel Nickel
Pyrometallurgical Hydrometallurgical 
(per 1 kg nickel) (per 1 kg nickel)
Total Energy 
(MJ k g ') 237 350 114 194
GW P^
(kg CO2 eq kg ') 14.8 2 1 . 6 11.4 16.1
Primary Water Use 
(litres kg ') 1,916 238 - -
Global warming potential (GWP); the units are kg equitant of CO2 per kg of material 
4.2.2.2 Platinum Group Metals
As mentioned earlier there is very limited information available on the processing of 
PGMs outside of South Afiica. Recently, Anglo Platinum of South Africa published 
the energy usage and emissions from its mining, smelting and refining operations for 
the past four years (Anglo Platinum, 2005b). Anglo Platinum is the world’s largest 
producer of primary platinum and one of the largest producers of palladium, at 
approximately 38% and 18% by weight of world production, respectively. Using 
Anglo Platinum’s energy and emission data (Anglo Platinum, 2005b) and combining 
it with their production data (Anglo Platinum, 2005a) estimates for the environmental 
impacts for the production of platinum and palladium were calculated for a functional 
unit of 1 kg metal. A summaiy of the production, energy and emissions data fr om 
Anglo Platinum is shown in tables 4.3 and 4.4, respectively. This confines the system 
boundaries to the major processes and energy used in the mining, smelting and 
refining operations, i.e. it neglects the contribution of some of the minor processes
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and, if there are many of these, this could result in an underestimate of the energy 
used and the environmental impact. Although these results do not represent a full 
‘cradle to gate’ life cycle assessment for platinum group metals, they illustrate the 
order of magnitude that could be expected for many of the environmental impacts.
Table 4.5 shows the breakdown of the energy used during the production of PGM. It 
is clear that the mining and concentration stage is the most energy intensive. This 
would be expected due to the vast quantities of ore that is mined and concentrated. It 
is assumed the energy used during the smelting stage makes up the majority of the 
other section, as this is a high-energy consuming process. Unfortunately, figures for 
this stage could not be estimated fiom the data.
Table 4.3 A summary of Anglo Platinum’s 
gross production (Anglo Platinum, 2005a)
Production (tonnes)
Ore processed 86,312,000
Platinum 76.3
Palladium 40.8
Rhodium 7.9
Gold 3.4
Total PGMs 137.7
Copper 13,106.4
Nickel 22,656.8
Table 4.4 A summary of Anglo Platinum’s gross
environmental impacts (Anglo Platinum, 2005b)
Environmental Impacts
Total Energy 22,922,000 GJ
GWP 4,947,000 tonnes CO2
Primary Water Use 32,804 Million litres
Table 4.5 The breakdown of the energy used during the production
of platinum group metals at Anglo Platinum (Anglo Platinum, 2005b).
Process Stage Energy Used (000 GJ) %
Mining 17,115 74.4
Base Metal Refining 2,277 9.9
PGM Refining 195 0.8
Other 3,335 14.6
Total 22,922
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One of the main problems with assessing the environmental impacts of primary 
platinum group metal production is with the allocation of the input and outputs to the 
different metals produced from the ores. For example, at Anglo Platinum the 
production of 1 kg of platinum also yields 0.53 kg palladium, 0.1 kg rhodium 
50 g gold, 303 kg nickel and 176 kg copper. Yet platinum generates 69% of the 
revenue compared to 10% for palladium or nickel (Anglo Platinum, 2005a).
Predominantly, allocation according to mass is used, as in the case of the two studies 
in the environmental impacts of nickel production (Ecobalance, 2000; Norgate and 
Rankin, 2000). This leads to all the inputs and outputs being averaged over the total 
amount of metal produced. This is acceptable when the importance of the by-products 
is small, the amount of the products is similar, or as an average over the whole 
industry. Unfortunately, in the case of PGM where their economic value is of greater 
importance to the company than the amount of any other product produced, this 
method of allocation is not appropriate.
Alternatively, the allocation could be based on the market price of each of the 
products. The disadvantage here is that the market price varies over time, but this can 
be minimised by averaging out the price over a long period. This approach was used 
to allocate the environmental bui'dens of PGM in the life cycle assessment of proton 
exchange membrane fuel cell (PEMFC) stacks (Pehnt, 2001).
This has the disadvantage of assigning different impacts to the different PGMs even 
though the process needed to extract and reform one, necessitates the extraction and 
refining of the others at the same time. Therefore, it could be said that the impacts are 
associated with the process which is to extract and refine the PGMs together. As there 
is a physical constraint to the extraction of the PGMs relative to each other it might be 
advantageous to allocate the impacts according to the mass of PGM and by price for 
any other products.
The environmental impacts for the PGM and nickel mined and refined by Anglo 
Platinum for different allocation methods are shown in tables 4.6 The use of the 
allocation by mass of all the products, resulted in the estimate of the environmental 
impacts to be several hundred times smaller than when using any of the other
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methods. The other allocation methods all produced estimations for the environmental 
impacts that were all very similar. It is interesting to note that with an allocation based 
on price the estimated energy consumed and the global warming potential for the 
nickel by-product were very similar to those reported for primary nickel production.
For all the different allocation approaches, the energy consumed and the global 
warming potential were always larger than those reported for nickel. It is well known 
that for other metals the energy needed for primary metal production increases rapidly 
with decreasing ore grades (Chapman and Roberts, 1983; Norgate and Rankin, 2000). 
The ore grade that Anglo Platinum mine at the Bushveld Complex, South Africa is 
quoted to be approximately 4.5 g tonne'^ (0.0005 wt%) in terms of PGM 
(Anglo Platinum, 2005a), which is many thousand times smaller than the economic 
ore grades for nickel at 1.5 to 3 wt% nickel (Kirk-Othmer, 1995). So it would seem 
reasonable that the environmental impacts of PGM production would be many 
hundred times laiger than for nickel production.
Table 4.6 A summary of the estimated environmental impact of 
platinum group metal production using different allocation methods.
Allocation Method Metal Total Energy (MJkg-‘)
GWP 
(kg CO2 eq kg'')
Primary Water 
Use (litres kg ')
Mass Total Metal 638 1,378 913
Average Price Platinum 184,280 39,770 263,729
Palladium 66,400 14,331 95,036
Nickel 99 21 142
Hybrid * PGM 146,790 31,679 210,067Nickel 99 21 142
Allocating by mass of PGM and by price for all other products.
Even though the environmental impacts for the production of PGMs calculated here 
are crude estimates at best, they are indicative of their likely orders of magnitude. 
Using an allocation approach based on the economic value of the products, the 
environmental impacts associated with PGM production are several hundred times 
larger than for nickel production. From this it can be concluded that the use of nickel 
or nickel oxide in place of platinum or palladium would offer significant 
environmental benefits.
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4.3 Health and Safety
Irrespective of what materials is chosen for the anode cuiTent collector, it will need to 
be supplied in the form of a fine powder to allow it to be made into a screen printable 
ink. Fine powders can cause several heath and safety problems in storage, transporting 
and handling.
Firstly, fine powders, particularly if they are metals, can be highly flammable and 
even explosive. Storage containers and handling equipment would need to be fully 
earthed to prevent electrostatic charge build-up fi'om the powders rubbing together, to 
prevent ignition or an explosion. Secondly, fine powders can cause respiratory 
problems if inhaled. This would require suitable extraction and ventilation of storage 
and handling areas in addition to the wearing of respiratory equipment. These issues 
would be significantly reduced or eliminated once the powder had been made in to an 
ink.
Metallic platinum and palladium are not known to cause any serious heath risks, 
although people who are sensitive to nickel can be sensitive to palladium, but as 
powders they are highly flammable (Alfa Aesar, 2005).
Nickel and particularly nickel oxide are known to be serious health risks. Nickel oxide 
is known to be carcinogenic particularly if inhaled. For this reason it is classified as a 
category 1 carcinogen (Health and Safety Commission, 2002) requiring even greater 
precautions to be taken to prevent its inhalation and in its disposal. Metallic nickel is 
known to cause skin sensitisation and there is limited evidence of it being 
carcinogenic. As such, it is classified as a category 3 carcinogen (Health and Safety 
Commission, 2002). Fui1;hermore, once 1 tonne of nickel oxide or nickel powder or 
more is used per year the Control of Major Accident Hazards (COMAH) Regulations 
1999 apply.
The estimates calculated in Chapter 3 for the amount of nickel oxide that would be 
needed for the anode per MW ranged from 9.2 to 11.9 kg, depending on the 
manufactming yields. Once production exceeds 84 to 108 MW a year the anode alone
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would require around 1 tonne of nickel oxide. If nickel oxide is used for the anode 
cuiTent collector the amount of nickel oxide required is likely to increase by a factor 
of 2 to 3. Hence once production reaches 28 to 54 MW a year, around 1 tonne of 
nickel oxide will be used.
The examination of the market for 1 to 2 MW sized power generators in Chapter 3 
showed that ninety 1 MW units would represent approximately 5% of the continuous 
use segment of the market. With this shar e of the market the anode alone is likely to 
require around a tonne of nickel oxide. This makes it highly likely that COM AH 
regulations will have to be complied with, regar dless of whether nickel oxide is used 
for the anode current collector.
4A End of Life
The question of recovery at the end of life for platinum and palladium would be 
driven by economics, as a significant amount of money would be locked up in the 
SOFC. Using the estimated amounts of platinum and palladium required for the 
anode current collector with a 90% yield at 25.3 and 22.5 kg per MW (see Chapter 3) 
and their average prices in 2004 as $27,200 kg'  ^ and $7,396 kg'  ^ respectively 
(Johnson Matthey, 2005a), the amount of money that the platinum and palladium 
would represent would be around $687,100 and $171,600 per MW respectively.
The recovery of platinum and palladium from spent catalysts is a relatively mature 
industry. In 2004 around 21.6 tomies of platinum and 16.3 tonnes of palladium were 
recovered from spent autocatalysts (Johnson Matthey, 2005a). The process consists 
of crushing up the catalysts and then acid leaching out the precious metal 
(Barakat and Malimoud, 2004).
With nickel, the direct economic imperative for its recovery would not be as 
significant as for the precious metals as it is relatively inexpensive. The secondary 
effect from the cost for its disposal could make the recovery of the nickel 
advantageous. As nickel oxide is classed as a category 1 carcinogen and nickel a
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category 3 carcinogen (Health and Safety Commission, 2002) any waste containing 
>0.1 wt% nickel oxide or >1 wt% nickel would be classed as hazaidous waste 
(Environment Agency, 2003). This would make disposal very expensive. 
Fmfhermore, the production of more than 200 kg of hazardous waste a year would 
require registration with the Environment Agency (Environment Agency, 2005). 
Again recovery of nickel or nickel oxide could be achieved through acid leaching as 
accomplished for nickel oxide catalysts (Al-Mansi and Abdel Monem, 2002), 
metal hydride batteries (Zhang et aL, 1999) or nickel cadmium batteries 
(Nogueira and Maigarido, 2004).
It would be envisaged that similar processes could be used with the spent IP-SOFC 
modules. Either the active layers would be ground off and acid leached, or the whole 
module would be acid leached to recover the platinum, palladium, nickel or nickel 
oxide.
4.5 Concluding Remarks
The comparison of the estimated environmental impact for the production of primary 
precious metals with those reported for primary nickel production, highlights 
significant differences. The energy and water used, along with the emission of global 
warming gasses, were all several orders of magnitude larger per kilogram of metal, for 
the production of primary precious metals compared with primary nickel. Even 
considering the uncertainty in the data used to estimate the environmental impacts for 
precious metals production, the sheer size of the difference compared with nickel, 
demonstrates that the use of nickel or nickel oxide in place of platinum or palladium 
would offer significant environmental benefits.
Even though metallic platinum and palladium are not known to cause any serious 
health risks, metallic powders are flammable. This will require that sufficient 
precautions be taken during their storage and handling to prevent ignition or an 
explosion. Nickel and nickel oxide on the contrary are known to cause serious health 
risks. As such, any waste containing >0.1 wt% nickel oxide or >1 wt% nickel would
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be classed as hazardous waste, and the use of more than 1 tonne of either would make 
the Control of Major Accident Hazards (COMAH) regulations 1999 apply. As nickel 
oxide is already used in the anode, and the projected quantities needed for that layer 
dui'ing full-scale SOFC manufacture are likely to exceed the 1 tonne limit, the use of 
nickel or nickel oxide as the anode cuiTent collector is unlikely to cause any new 
safety measures or legislative requirements to apply.
Thus, there seem to be no extra baniers to the use of nickel in the anode current 
collector. This coupled with the lower environmental burdens associated with the 
production of primary nickel it is recommended that nickel is used over PGMs.
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5 Current Collectors
5.1 Introduction
At present a noble metal based composite is used as the current collector layer in the 
IP-SOFC development programme. This material was selected because it provided 
sufficient electrical conductivity at operational temperature and was relatively inert 
with respect to the other cell materials. This is an acceptable solution to allow the 
research and development of the functional layer materials and fuel cell/gas turbine 
hybrid system to proceed in a timely manner.
As demonstrated in chapters 3 and 4, the high costs of precious metals and the 
environmental bui'dens they cause fi.*om their extraction fiom raw minerals are larger 
than other potential materials. Nickel was highlighted as a material that offered 
significant potential as an alternative cunent collector material and as it is already 
used in the nickel/yttria stabilised zirconia (Ni/YSZ) cermet anode, it was decided to 
investigate its use for the anode current collector.
There are a number of challenges associated with the use of nickel as the anode 
current collector. Firstly, the IP-SOFC design requires the anode to be in an oxidising 
atmosphere during the fabrication of the membrane electrode assembly. This would 
require the nickel current collector to be reduced in-situ, in a similar manner to the 
Ni/YSZ anode. This raises the problem of the large volmne change which occurs 
dirr ing the in-situ reduction of the nickel oxide to nickel. This decrease in volume is 
not a significant problem with the anode due to its porous microstructur*e and the 
presence of zirconia particles.
A second problem is that both nickel and nickel oxide have a coefficient of thermal 
expansion that is significantly larger than the electrolyte. NiO/YSZ cermets have 
coefficients of thermal expansion that increase linearly from 10.3x10'® K'  ^ (0% NiO) 
to 14.1x10'® K'  ^ (0% ZrOz) (Mori et al.., 1997b). Under a Hz atmosphere the 
coefficient of thermal expansion increased linearly from 10.3x10'® K'  ^ (0% Ni) to 
approximately 12x10'® K'  ^ (60 vol% Ni). With a nickel content greater than 60 vol%,
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the coefficient of thermal expansion was found to increase rapidly to approximately 
the value for nickel (Mori et a l, 1997b). These two problems prevent a continuous 
nickel cunent collector from being used, as the decrease in volume during reduction 
would cause cracks in the nickel layer, hence reducing its overall in-plane 
conductance. The significant thermal expansion mismatch could result in large 
stresses, resulting in cracking of both the anode and electrolyte or their possible 
delamination (Majumdar et a l, 1986).
In this chapter the targets for the electrical resistance of the fuel cell layers are 
calculated and these are related to the range of conductivities that the anode current 
collector is required to have. Using commercially availably precious metal inks, 
porous cuiTent collecting layers were characterised in terms of their electrical 
conductivity and microstructm-e. These were used as a baseline solution fi-om which 
non precious metal current collectors could be compared with. Additionally the 
rational behind a novel composite anode microstructui'e, which allows the use of 
materials which have a lai'ge thennal expansion mismatch with the electrolyte, is 
discussed. Composite anode layers using nickel tracks to enhance the in-plane 
conductivity are then investigated as a replacement for the precious metal anode 
cunent collecting layer.
5.2 Conductance Targets
To calculate the resistance or conductivity that the fuel cell layers need to have it is 
first necessary to present the equations used to model the electrical performance under 
operating conditions.
The reversible thermodynamic voltage, Er, often referred to as the open circuit voltage 
(OCV) or the Nernst potential is given by the Nernst equation (5.1).
R T =  E " + - ^ l n  4 F
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where E° is the standard cell voltage, is the universal gas constant, T is the 
absolute temperatuie and F is the Faraday constant, PqjCc) is the partial pressure of 
oxygen in the cathode gas and PuzCa) and PH20(a) are the partial pressures of and 
H2O in the anode gasses.
When a cun'ent is drawn from the fuel cell, the voltage decreases below that predicted 
by the Nernst equation. This voltage loss is a frmction of the current density and can 
be broken down in to three main components, namely activation polarization, 
concentration polarization and ohmic losses. The activation polarization is due to the 
activation of the electrochemical reactions at the electrodes and reaches a constant 
value after a small increase in the cunent density. The concentration polarization is 
caused when the electrochemical reactions are hindered by an inadequate transport of 
the reactants or products to or from the electrodes and is only experienced at very high 
current densities. The ohmic losses are those that obey Ohm’s law and are a product 
of the electrical resistivities of the materials and their geometry. This loss can be 
detennined from the gradient of the linear portion of the voltage versus cmi'ent 
density plot. A schematic voltage versus cunent density plot for a typical fuel cell 
indicating the vaiious losses is shown in figure 5.1.
O C V
Ohm ic
Losses
Activation /
Polarisation Cell Voltage
Concentration
Polarisation
Current Density
Figure 5.1 A schematic plot of the voltage versus cunent density 
of a fuel cell, illustrating the different types of voltage losses 
(adapted from Minh and Takahashi, 1995).
The measured cell voltage when a cuiTent is drawn is given by equation 5.2.
^  ^activation ^  ohmic ^concentration
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where the U  is the measured voltage at the cunent density i, rjactivation is the activation 
polarization,, rjconcentration is the concentration polarization and rjohmic is the ohmic loss. 
The ohmic loss term subsequently is given by equation 5.3.
'Hohmic ~  ^^cell ~  ^^^cell (5.3)
where R c e ii  is the resistance of the cell and A  is the active area, i.e. the area of the 
anode or cathode. The area-specific resistance ( A S R )  is a parameter used to compare 
different fliel cell design specifications and is defined by equation 5.4.
E - UASR = (5.4)
The resistance of an object is expressed by equation 5.5, where R is the resistance, 
p is the resistivity of the material, L is the cunent path length and A is the cross- 
sectional area of the cunent path. The conductivity, a, is the reciprocal of the 
resisitivity and substituting into equation 5.5 gives equation 5.6.
^ - P ~ ;  (5.5) iv =  — —A W a AJ (5.6)
The specifications for the fuel cells in the IP-SOFC design state that at an operating 
temperature of 950°C the OCV will be 1.21 V, and the ASR should be between 0.799 
and 0.959 O cm  ^at an operating cmi'ent density of 0.277 A cm'^ (Rolls-Royce, 2004). 
Under operating conditions the cunent density will be in the linear portion of the 
voltage versus current density curve hence the concentration polarization will be equal 
to zero and the activation polaiization will at a constant value of approximately 0.05 
V (Rolls-Royce, 2004). Using these values and the cell dimensions the cell resistance 
and layer conductivities can be calculated using equations 5.2 to 5.6. Alternatively 
using the cell layer conductivities and the cell dimensions in equations 5.2 to 5.6 the 
ASR can be calculated.
The dimensions of the cell layers are restricted in terms of width and length by the 
IP-SOFC specifications (Rolls-Royce, 2004), but the thickness of the layer is a 
variable parameter. With reference to equation 5.6 it is possible to decrease the layer
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in-plane resistance by increasing the cross-sectional area of the current path in 
addition to selecting a material with a higher conductivity. The thickness of any layer 
must not become excessively large in magnitude as a very thick layer would affect the 
mechanical integrity at the overlapping regions of the thick-film layers. This 
specifically applies to the anode side layers as these support the rest of the fuel cell 
layers and it is felt that the upper thickness limit is around 40 \im for the anode layer 
(Hart, 2002).
Two similar cell geometries have been considered, see figure 5.2. In the first (model 
A) the anode and cathode layers themselves provide the electrode and current 
collection together. In the second another layer is place on top of the anode and 
cathode to provide the current collection along the electrodes and between the cells, as 
shown in Model B. The calculated ASR values for given cell dimensions and 
conductivities are shown in figure 5.2. In the case of Model A, where the anode and 
cathode layers are 20 p,m thick the ASR of the cell is significantly larger that specified 
at 4.64 Q cm .^ Additionally it can be seen that Rceii is dominated by the in plane 
resistance of the anode and cathode at 0.08 and 0.12 Q respectively. Even when the 
thickness of the anode and cathode layers are increased to 100 pm the ASR of the cell 
is still larger than that required at 1.157 cm .^ As mentioned this thickness would 
cause considerable problems with the mechanical integrity and would not be practical 
to fabricate by screen-printing.
One method to reduce Rceii is to apply a cuiTcnt collecting layer to the anode and 
cathode as in Model B. These new layers are denoted as anode cmi'ent collector 
(ACC) and cathode cunent collector (CCC) on the anode and cathode, respectively. 
This allows a more conducting material to be selected for the current collecting layers 
and a more electrochemically active material for the electrodes. If a porous precious 
metal layer is used for both the cunent collector layers, with a thickness of 
approximately 16 qm, the ASR of the cell is calculated to be 0.922 Q cm .^ Although 
this is within the range specified in the IP-SOFC design, as discussed in chapter 3 the 
use of precious metals for the cmi'ent collecting layers is expensive and open to cost 
reduction. Furthermore, in this configuration, it can be seen that the contribution to 
R ceii by both the anode and cathode layers is almost insignificant at 1.4x10'^ and 
2.2x10'^ O respectively.
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By using the cell configui’ation from Model B and working backwards from the ASR 
specifications the in-plane resistance target for the ACC layer can be calculated to be 
between 0.049 and 0.084 Q. With an ACC thickness of 40 p.m the maximum and 
minimum conductivities would be 1200 and 700 S cm '\ respectively. With a 
thickness of 20 pm the maximum and minimum conductivities would be 3200 and 
1900 S cm"\ respectively.
5.3 Experimental Procedure
5.3.1 Sample Preparation
5.3.1.1 Precious Metal Current Collectors
All the samples were fabricated upon a porous magnesia doped magnesium aluminate 
(MMA) substrate (supplied by Advanced Ceramics Ltd. UK), cut into 70 mm x 
70 mm X 5 mm pieces and fired to 1000°C to remove any organic residue from the 
surface.
On one side of the substrate a porous YSZ layer was screen printed twice using a ink 
consisting a 80wt% 3 mol% YSZ (MEL Chemicals, UK) with a 63/2 Medium, a 
terpineol based ink (Cookson Matthey, UK). Between printing the layers were dried 
using a non-optimised standard drying regime of ambient air for 15 min, at 60°C for 
15 min and at 120°C for 15 min. These layers were subsequently sintered using a 
schedule of 2°C min“  ^to 500°C, then 3°C min”  ^to 1450°C, followed by a dwell at that 
temperature for 60 min. The samples were cooled to room temperature at a rate of 
3°C min-\
On top of this layer a porous precious metal layer was printed using commercially 
available inks (Gwent Electronic Materials, UK). These layers were dried and sintered 
using the same schedule as used for the porous YSZ layer. All of the layers were 
screen printed (using a SMTECH Benchmark 90 screen printer) with a stainless steel 
mesh screen with a count per inch of 325, zero emulsion thickness and a square
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pattern 50 mm x 50 mm in size (supplied by MCI, Cambridge). Details of the solid 
constitute of the precious metal inks used for the current collecting layers investigated 
in this study are show in table 5.1.
Sample Solid Constitutes in Ink Composition’ (wt%)
A1 Pt 100
A2 Pd-Ni 90:10
A3 Pd-Ag 80:20
A4 Pt-Ag 80:20
A5 Pd-Ni +YSZ 77.85:8.65:13.5
5.3.1.2 Meshes
Square meshes of nickel oxide and platinum were screen printed using a steel square 
mesh screen (supplied by MCI, Cambridge) with a pitch of 0.25 mm at 45°, producing 
a mesh that gave 50% coverage as shown in figure 5.4. The NiO ink consisted of 
80 wt% solids loading of 99 % nickel (II) oxide powder, 325 Mesh (Alfa, Germany) 
mixed with 63/2 Medium, a terpineol based ink (Cookson Matthey, UK).
Figure 5.4 A photograph of a printed square mesh
One NiO mesh and one platinum mesh were printed on 8 mol% YSZ tape-cast tiles 
(supplied by Kerafol, Germany) and another NiO mesh was printed on a porous 
MMA support, with a pre-sintered porous YSZ layer, denoted "NiO-MMA support”. 
The porous YSZ layer was fabricated using a similar procedure to that described in 
section 5.3.1.1 and all samples were sintered to 1450°C for one hour, using a firing 
schedule of 2°C min"’ to 500°C, 3°C min"’ to 1450°C, followed by a dwell at that 
temperature for 60 min. The samples were cooled to room temperature at a rate of 
3°C min"’.
65
Chapter 5 Current Collectors
5.3.1.3 Composite Anode Current Collectors
The composite anode current collector were fabricated by printing a NiO or precious 
metal mesh layer between two layers of anode (60 wt% NiO:40 wt% YSZ ink) as 
illustrated in figure 5.5. All of the precious metal composite anode current collectors 
were fabricated upon MMA substrates with a pre-sintered porous YSZ layer. The NiO 
composite anode current collectors were printed upon 8 mol% YSZ tape-cast 
substrates. After each layer was printed it was subsequently dried using the same 
non-optimised standard drying regime. All three layers were co-fired using the same 
firing schedule as the nickel oxide mesh samples. Details of the solid constitute of the 
inks used for the current collecting layers investigated in this part of the study are 
show in table 5.2.
C arrait CoUcctinKMcsh
Poroui YSZL«ycr
Figure 5.5 A schematic diagram of composite anode current collectors. 
Table 5.2 The materials used for the composite anode/current collector mesh.
Sample Solid Constitutes in Ink Composition’ (wt%)
B1 Pt 100
B2 Pd-Ni 90:10
B3 Pd-Ag 80:20
B4 Pd-Ni +YSZ 77.85:8.65:13.5
NiO NiO 100
in terms of the solid constituents
5.3.2 Lateral Conductivity Measurements
The in-plane conductivity was measured using van der Pauw’s four point 
measurement technique. 10 mm x 10 mm samples were cut (using a Struers Accutom- 
5 cutter) from the original sample specimens. These smaller test pieces were 
supported in a four-electrode arrangement in an alumina holder, as shown in
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flguie 5.6, which was subsequently attached to the end of a glass tube. The glass tube 
was placed inside a tube furnace (Lenton Furnaces Designs UK), with the other end 
attached to the extraction system.
The samples were held in place using a pyrophyllite end stop, which was shaped like 
a top hat. This was held by springs located outside the hot zone of the furnace. 
Platinum electrodes were used for the electrical connection and a thermocouple 
(K type) was located near to the sample, allowing accurate measurement of the test 
temperature. A fixed current of 0.2 A was applied (using a TTi model El302 power- 
supply) to measure the lateral conductivity. The current and voltage across the 
specimens were measmed using two Black Star’ (model 4503) multimeters.
For the porous current collecting layer samples, the experiments were performed in 
two atmospheres: air (to replicate the conditions on the cathode side) and a reducing 
atmosphere of diluted hydrogen saturated with water (to reproduce the conditions on 
the anode side). All the samples were measured in air, but only a selection of relevant 
samples were measmed in a reducing atmosphere. With the composite anode/cuiTent 
collecting mesh layer samples the experiments were performed under a reducing 
atmosphere.
With all the experiments, measurements were performed at elevated temperatures 
using a ramp rate of 3°C m in'\ in the following sequence: room temperature, 800°C, 
900°C, 950°C, 850°C, 750°C, 650°C, 700°C, 800°C and repeated at room temperature. 
This sequence was chosen in order to reveal any variations caused by thermal cycling. 
The samples for which the measurements were performed under reducing conditions 
were heated up to 800°C in air, before purging with nitrogen for approximately 
30 mins and then introducing a reducing composition of 20 vol% H2: 80 vol% N2 at a 
total flow rate of 0.5 litres m in'\ The gases were bubbled through water to humidify it 
to mimic the atmosphere experienced on the anode side. These samples were cooled 
to room temperature in the reducing atmosphere to allow any microstructural changes 
occurring during the reduction process to be visible at room temperature in air.
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Figure 5.6 A schematic diagram of the sample holder used for lateral conductivity
measurements.
5.3.3 Characterisation of Samples
A Philips scanning electron microscope (SEM) (model XL30 FEG/SEM) was used to 
investigate the morphology and microstructure of the samples. A number of 
10 mm X 10 mm samples were cut and cold mounted (Struers Epofix), polished 
(Struers RotoPoll-11) and coated with carbon or platinum-gold to allow the cross- 
sectional examination of the microstructure formed after fabrication and after 
exposure testing in a reducing atmosphere.
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5A Results and Discussion
5.4.1 Precious Metal Current Collecting Layers
The planar surface morphologies for each of the different current collecting materials 
are shown in figures 5.7 to 5.13, with the cross sections of samples A l, A2 and A5 
shown in figures 5.14 to 5.16. It can be seen that sample Al formed a well connected 
network of a multitude of small grains, as illustrated in figures 5.7 and 5.12. As 
platinum has a melting point of 1769°C (Brandes and Brook, 1992) it would be 
expected to be solid thi'oughout the processing schedule. Hence, the grains would 
form fi'om solid metal particles in the ink sintering together during firing at 1450°C.
Samples A2 and A5 showed less well connected networks comprising large, 
infiequently connected, iiTegular grains. Both samples showed larger sized pores as 
well as larger contacts within the network, compared with samples A l. Examination 
of the binary equilibrium phase diagrams (Hansen and Anderko, 1958) indicates that 
sample A2 (90:10 wt% Pd-Ni) and the Pd-Ni alloy part of sample A5, will be close to 
the solidus at the firing temperatme (figure 5.17). Therefore only a very small amount 
of liquid would be expected to form. It can be seen in sample A5 that the YSZ 
particles are isolated from the Pd-Ni particles and not covered by the metal, indicating 
poor wetting as shown in figures 5.14 and 5.16.
Samples A3 and A4 exhibited poorly connected networks of large isolated regions of 
material. The binary equilibrium phase diagram indicates that A3 (80:20wt% Pd-Ag) 
and A4 (80:20wt % Pt-Ag) will be within the zone between the liquidus and solidus at 
the firing temperature (figure 5.18 and 5.19). This will result in a large proportion of 
liquid formation in both samples during sintering. The observed morphology of large 
grains, occasionally connected to each other via very small contacts, would suggest 
that the liquid has not wetted the YSZ and instead has reduced its siuface energy by 
adopting a spherical morphology.
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Figure 5.7 Scanning electron micrograph 
o f the planar surface o f sample Al 
(platinum paste)
Figure 5.8 Scanning electron micrograph of 
the planar surface o f sample A2 
(palladium/nickel paste)
Figure 5.9 Scanning electron micrograph 
o f the planar surface o f sample A3 
(palladium/silver paste)
Figure 5.10 Scanning electron micrograph 
o f the planar surface o f sample A4 
(platinum/silver paste)
50 pm
Figure 5.11 Scanning electron 
micrograph o f the planar surface of 
sample A5 (palladium/nickel + YSZ)
Figure 5.12 High magnification scanning 
electron micrograph o f the planar surface o f 
sample Al (platinum paste)
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20 pm
Figure 5.13 High magnification scanning 
electron micrograph o f the planar surface 
o f sample A5 (palladium/nickel + YSZ)
Figure 5.14 Scanning electron micrograph 
o f the polished cross section o f sample Al 
(platinum paste)
Figure 5.15 Scanning electron 
micrograph o f the polished cross section 
o f sample A2 (palladium/nickel paste)
Figure 5.16 Scanning electron micrograph 
o f the polished cross section o f sample A5 
(palladium/nickel + YSZ)
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Figure 5.17 Palladium-nickel binary 
equilibrium phase diagram (after 
(Hansen and Anderko, 1958)
two
IMO
Figure 5.18 Palladium-silver binary 
equilibrium phase diagram (after 
Hansen and Anderko, 1958)
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The alloys printed in samples A2, A3 and A5 should form a single phase at room 
temperature as indicated by the binary equilibrium phase diagram, which shows a 
continuous solid solution across the composition range. This is in contrast to sample 
A4. On the basis of the binary equilibrium phase diagi am, for equilibrium cooling, the 
formation of a single y phase from a succession of peritectic, eutectoid and peritectoid 
reactions would be predicted.
All of the cross sectional microgi'aphs showed poor wetting of the porous YSZ 
priming layer by the current collecting layer. The contact angles between the two 
materials were significantly larger than 90° in each sample, which indicates 
non wetting conditions.
Figure 5.19 Platinum-silver binary equilibrium 
phase diagram (after Hansen and Anderko, 1958).
The cross sections showed that the thickness of the cuiTent collecting layers ranged 
fr'om ~ 8 pm to ~ 12 pm. One of the parameters affecting the thickness of the screen 
printed layers is the viscosity of the ink. The viscosity of the inks was neither 
optimised nor constant in these initial experiments. This could account for the 
variation in thickness between the different current collecting layers.
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The effective in-plane conductivities of the precious metal current collectors layers 
over the temperature range of 650°C to 950°C in air are shown in figure 5.20. The 
smooth trend observed for the conductivity as a function of temperature indicates that 
thermal cycling caused no variations in the results. Samples A2 and Al at 950°C had 
the largest conductivities at 3840 and 2590 S cm"', respectively. This was followed by 
sample A3 at 1870 Scm"' and A4 at 850 S cm"' with the lowest value being from 
sample A5 at 600 S cm"'. A summary of the microstructure and lateral conductivity of 
each of the sample is shown in table 5.3.
4000 -
♦  A1 (Pt)
♦  A2 (Pd/N i)
♦  A3 (Pd/Ag)
▲ A4 (Pt/Ag)
♦ A5 (Pd/N i+YSZ)
600 650 700 750 800 850 900 950 1000 1050 1100
Temperature (°C)
Figure 5.20 In-plane conductivity of the porous current collecting 
layers over the temperature range 650°C to 950°C in air.
Table 5.3 A summary of the microstructure and conductivity of precious metal layers
Sample Material Microstructure In plane Conductivity 
at 900“C (S cm"')
Phases
Al Pt Well connected, intergranular 
network
2590 1
A2 Pd-Ni Reasonably connected network 3840 1
A3 Pd-Ag Badly connected network 1870 1
A4 Pt-Ag Very badly connected network 850 1,2?
A5 Pd-Ni + 
13.5% YSZ
Reasonable connected network, 
with isolated YSZ granules
600 2
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The effective in-plane conductivity is a function of the intrinsic conductivity of the 
material and the microstructure. Although the microstructure of sample A2 consisted 
of large grains and pores, it still possessed a reasonably well connected network. It 
had a higher conductivity than sample A l, despite having larger sized pores. Sample 
A5 had the lowest conductance despite having a similar metal composition and 
microstructure to that of sample A2. It did, however, contain many YSZ particles. 
Hence, the conductance would be expected to be lower as the YSZ particles have very 
low conductivities and displace some of the metal. This would make the comiected 
network of metallic grains even worse leading to a lower effective conductivity. 
Samples A3 and A6 exhibited a microstructme of large pores and grains, with a 
greater porosity than sample A2. Fmlhermore, neither sample formed a well 
connected network, which in turn would reduce the effective conductivities.
The lateral conductivities of the current collecting materials measured in a reducing 
atmosphere at temperature were found to be virtually the same as those measured in 
air at the same temperature. Additionally, sample A2 underwent a colour change after 
being exposed to a reducing atmosphere at high temperature. It changed from its 
normal dark, dull grey colour' to a shiny, silver colour, similar in appearance to 
platinum, and the layer delaminated easily from the porous YSZ layer. Underneath the 
current collector layer, a dark black/blue phase had formed on top of the porous YSZ 
layer.
It was noticed that all of the precious metal cmi'ent collectors delaminated easily from 
the porous YSZ layer to some extent, which could be explained by the poor wetting 
characteristics that these metals exhibited with YSZ. The addition of YSZ particles in 
sample A5 eliminated the occmrence of delamination, but at the expense of a reduced 
effective conductivity.
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5.4.2 Meshes
The NiO mesh printed on a porous YSZ coated MMA substrate was found not to 
conduct after several hours at 800°C in the reducing atmosphere. After test it was 
found that the NiO mesh had turned brown and the porous YSZ layer underneath had 
turned blue/black in colour. The blue/black colour had also been observed under the 
palladium/nickel current collector (sample A2) after reduction. A photograph of the 
NiO mesh printed on a porous YSZ coated MMA substrate and A2 after reduction are 
shown in figure 5.21. Examination of the chemical composition of the brown coloured 
phase using EDX revealed the presence of magnesium in addition to nickel after 
sintering of the NiO mesh. It is likely that the magnesium is coming from the MMA 
support, as this is a large source of MgO. Furthermore it appeared that some of the 
NiO from the anode had migrated into the PAB. It is known that NiO and MgO form 
a continuous solid solution (Levin et ai, 1964) which is difficult to reduce in a 9 
vol%H2: 91 vol% N] atmosphere at 950°C (Thomsen at ai, 2003). The observation of 
NiO and MgO migration and interaction lead to a further investigation, which is 
reported in chapter 6.
Figure 5.21 Samples after reduction in a humidified 20 vol% Hi: 80 vol% Ni 
atmosphere at temperature (a) Sample NiO-MMA, a nickel mesh on MMA 
support (b) Sample A2, palladium/nickel current collector on a MMA support.
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After exposure to a reducing atmosphere at high temperature the samples comprising 
an 8 mol% YSZ substrate with a NiO printed mesh underwent a colour change. The 
YSZ substrates changed colour from white to black, as shown in figure 5.22a. 
Furthermore, the green nickel oxide had reduced to grey nickel metal. When 
reoxidised, at 1050°C for one hour in air, the nickel metal reverted back to green 
nickel oxide and the substrate changed back to its original colour, white, as shown in 
figure 5.22b.
Two clean 8 mol% YSZ substrates were used as control samples. One was placed in 
the lateral conductivity rig, the other in the furnace. Both were exposed to the same 
reducing conditions as the other samples. No colour change was observed in either of 
the samples except for four dark spots on the surface of the tile placed in the lateral 
conductivity rig and these spots corresponded to the places where the platinum 
electrodes had touched the substrate surface. Additionally the grains of the YSZ 
substrate were found to be significantly larger in the area near to the NiO layer then 
those far away. Further work on the interaction of NiO with YSZ is discussed in 
chapter 7.
u'.
(a) (b)
Figure 5.22 A NiO mesh on a YSZ substrate (a) after reduction 
in a humidified 20 vol% Hi: 80 vol% N2 atmosphere at 950°C 
(b) after reoxidation at 1050°C for one hour in air.
The high temperature in-plane conductivity values of a NiO mesh printed on an 8 
mol% YSZ substrate and a platinum mesh on a MMA substrate tested in a reducing 
atmosphere are shown in figure 5.23 The nickel mesh had a fine microstructure made
76
Chapter 5 Current Collectors
up of NiO particles 3-5 pm in size and approximately 10 pm thick as shown in 
figure 5.24. This was a much finer microstructure than found with the platinum layer 
which had pores which were the size of the layer thickness, as shown previously in 
figure 5.14 to 5.16. The coarsening/growth of grains is controlled by diffusion. As 
NiO has a melting point of 1960°C (Levin et ai, 1964) compared with 1768°C and 
1554°C for platinum and palladium, respectively (Brandes and Brook, 1992), it would 
be expected that the NiO grains would coarsen at a much slower rate at 1450°C. This 
would explain why both platinum and palladium layers sintered to 1450°C exhibited 
such large grains and pore sizes, and thus a lower conductivity than the NiO layer.
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Figure 5.23 The in-plane conductivity in a reducing atmosphere of a 
Pt mesh on a MMA substrate and a NiO mesh on an 8 mol% YSZ 
substrate, over the temperature range of 650°C to 950°C.
Figure 5.24 A polished cross section of a 
NiO mesh on an 8 mol% YSZ substrate.
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5.4.3 Composite Anode Current Collectors
Micrographs of the polished cross-sections of the prepared samples of precious metal 
composite anode current collectors are shown in figuies 5.25 to 5.27. All of the 
samples showed reasonable adherence between the precious metal meshes and the 
anode layers and the composite was not found to delaminate after fabrication of 
testing in a reducing atmosphere. The anode layers were approximately 10 pm thick. 
The thickness for the current collecting mesh varied fi'om 6 pm to 10 pm. The 
micrographs of the samples, after being exposed to a reducing atmosphere, are shown 
in figures 5.29 to 5.32. These showed different microstructures to the as-prepared 
samples. The nickel oxide in the anode layer had been reduced to metallic nickel with 
a sponge-like structure, as indicated in the micrographs, and continued interspersed 
the YSZ particles.
Sample B1 exhibited a unique feature not seen in the other samples. A continuous 
phase had formed around the platinum grains. Using EDX this phase would be found 
to contain nickel, platinum and small amounts of magnesium. It has recently been 
observed that platinum is not as inert as previously thought, with respect to some 
oxides, such as NiO (Lu et al, 1995).
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Figure 5.25 Scanning electron micrographs 
o f the polished cross section o f an as-fired 
sample B 1 (platinum paste)
Figure 5.26 Scanning electron micrographs 
o f the polished cross section o f an as-fired 
sample 82 (palladium/nickel paste)
Figure 5.27 Scanning electron micrographs 
o f the polished cross section o f an as-fired 
sample 83 (palladium/silver paste)
Figure 5.28 Scanning electron micrographs 
o f the polished cross section o f an as-fired 
sample 84 (palladium/nickel + YSZ)
Cofiünuou*' V  Mww
Figure 5.29 Scanning electron micrographs 
o f the polished cross section o f a reduced 
sample 81 (platinum paste)
Figure 5.30 Scanning electron micrographs 
o f the polished cross section o f a reduced 
sample 82 (palladium/nickel paste)
Figure 5.31 Scanning electron micrographs 
o f the polished cross section o f a reduced 
sample 83 (palladium/silver paste)
Figure 5.32 Scanning electron micrographs 
o f the polished cross section o f a reduced 
sample 84  (palladium/nickel + YSZ)
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A micrograph of the polished cross-section of a sintered NiO composite anode current 
collector printed upon a YSZ substrate together with the corresponding nickel X-ray 
map are shown in figure 5.33. The whole composite anode/current collector layer is 
approximately 22 pm thick, with the NiO mesh and anode layers being approximately 
8 pm and 6 pm, respectively. The reduced samples displayed a line of grains in the 
centre of the composite layer that were much larger than the rest. This line 
corresponded to the location of the NiO mesh layer and to the area in the nickel X-ray 
map with the highest nickel concentration.
F igure 5.33 (a) Scanning electron micrograph of the polished cross section 
of an as-sintered NiO composite anode current collector printed on a YSZ tile
(b) nickel X-ray map
The in-plane conductivity values of the composite anode current collectors over the 
temperature range 650°C to 950°C in a reducing atmosphere are shown in 
figure 5.34. The NiO composite anode current collector had the largest in-plane 
conductivity of 1370 S cm'  ^ at 950°C, which is just inside the required range 
calculated in section 5.2. The values for the precious metal composite anode current 
collectors were of the same order as found for the porous layers (see figure 5.20). The 
Pt, Pd/Ni and Pd/Ag composite anode current collectors all displayed conductivities 
that would be also just in or near to the range required from the specifications if they 
were made a little thicker. Unfortunately these precious metal composite anode 
current collectors only had around 20 wt% less precious metal than the porous layers, 
hence there was not a significant reduction in the cost of the layer.
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Figure 5.34 The in-plane conductance of the composite current collectors in a 
reducing atmosphere over the temperature range of 650°C to 900°C.
The migration of MgO from the MMA substrate could have caused a reduction the 
conductivity of these samples, as its make it more difficult to reduce NiO. 
Fundamental problems would arise in the IP-SOFC design if the NiO and MgO are 
migrating and reacting to form a solid solution which cannot be reduced under the 
fuel gas conditions. This would mean that the nickel/YSZ anode would not be 
working effectively as an electrode and that the precious metal current collector was 
fulfilling most of the electrodes electrochemical role of the electrode. This problem 
could be more severe for the NiO anode composite current collector, as there is only 
NiO and YSZ in its composition. If the NiO could not be reduced by the fuel gas, the 
whole composite might not conduct sufficiently, as observed with the NiO mesh 
printed on a MMA substrate.
Examination of the NiO composite anode current collector specimens after test 
revealed the presence of some periodic cracking of the surface anode layer, as shown 
in figure 5.35. The cracks were parallel to the long straight tracks of nickel in the 
mesh layer. As there is a large difference in the thermal expansion coefficients of the 
nickel and the Ni/YSZ cermet, it is probable that the resulting stresses caused this 
cracking. It is envisaged that by changing the pattern of the mesh, so that the tracks 
are not continuous and are kept as short as possible, with a hexagonal or sinusoidal 
mesh pattern, it would be possible to eliminate these cracks.
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100 pm
Figure 5.35 A light micrograph of the planar surface of sample B11 after 
reduction in a humidified 20% 80% N2 (vol%) atmosphere at temperature.
5.5 Concluding Remarks
A  wide range of microstructures and effective electrical conductivities were obtained 
from the layers printed using commercially available precious metal inks. The 
alloying elements caused a certain amount of the alloy to be molten at the firing 
temperature which resulted in different microstructures. The large variations in the 
conductivities which were observed between the different inks correlated with the 
microstructures. The samples that formed a network of large, sparsely connected, 
irregular grains were found to exhibit the lowest conductivities. The Ni/Pd/YSZ 
composite was found to have the lowest value for lateral conductance. This was 
attributed to the YSZ particles acting as an insulating phase such that the metal grains 
formed a more poorly connected network than without them. All of the samples 
exhibited poor wetting characteristics on the porous YSZ layer and easily 
delaminated. The delamination could be reduced with the addition of YSZ particles, 
but at the expense of the conductivity of the layer.
The novel NiO composite anode current collector design showed considerable 
potential for use in the IP-SOFC design. Its in-plane conductivity was comparable to 
that of noble metal current collectors and within the conductivity and thickness range 
specified in the IP-SOFC design. It had a significantly larger conductivity compared 
with the precious metal composite anode current collector and offered a considerable 
cost advantage.
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However, after testing, the surface of the top anode layer revealed the presence of 
cracking parallel with the continuous nickel tracks printed below. These cracks were 
probably due to the large difference in the values of the thermal expansion 
coefficients of the nickel and Ni/YSZ cermet. Changing the pattern such that there are 
no continuous tracks in a given direction by, for example, using a hexagonal or 
sinusoidal pattern, is expected to reduce the amount of cracking. Future work will 
need to be conducted to optimise the conductivity of the composite and minimise the 
cracking. Additionally the long term stability in terms of the microstructure and 
resultant conductivity need to be evaluated at operational conditions. The ability of 
the composites to withstand the effects of thermal and redox cycling will need to be 
investigated.
Furthermore, the migration of NiO and MgO through the cell layers and subsequent 
reaction between them needs to be understood, and possibly controlled, before a NiO 
composite anode current collector could be used in the IP-SOFC design. This topic is 
examined further in chapter 6.
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6 NiO Migration and Reactions with MgO
6.1 Introduction
In section 5.4.2 a NiO mesh printed upon a support tube made from magnesia doped 
magnesium aluminate (MMA), with a porous zirconia layer in-between, was found 
not to conduct after reduction in a reducing atmosphere at 900°C. After further 
examination it was found that MgO had reacted with the NiO mesh and that some of 
the NiO had migrated into the PAB layer. It was suspected that the MgO had migrated 
fi'om the MMA substrate. The migration of the NiO ftom the anode would have 
serious implication on the IP-SOFC design. When reduced in-situ, the nickel/YSZ 
anode would not be working effectively as an electrode and the precious metal cunent 
collector would be fulfilling most of the electrochemical role of the electrode. This 
problem could be more severe for the NiO composite anode current collector since 
there is only NiO and YSZ in its composition; therefore if the NiO migrated away or 
fornied a solid solution with MgO which could not be reduced by the fuel gas, the 
whole composite might not conduct sufficiently. Hence it is important to determine 
the temperatur es at which NiO and MgO foim a solid solution and the extent of their 
migr ation during the fabrication of the IP-SOFC.
In this chapter the extent of the reaction of NiO with MgO and MMA at different 
temperatures is examined. Initially powder mixtur es of NiO and MMA were calcined 
and examined by X-ray diffraction. From this it was revealed that the NiO reacted 
with the MgO in the MMA and not with the magnesium aluminate. Further 
calcinations used MgO powder instead of MMA. This also made it easier to identify 
the NiO and MgO peaks as there were no overlapping magnesium aluminate peaks. 
Additionally, the extent of the migration of NiO and MgO during the manufacture of 
the fuel cell was examined at the standard and lower firing temperatures.
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6.2 Experimental Procedure
6.2.1 NiO and MgO Reactions
To investigate the reaction between nickel oxide and magnesia doped magnesium 
aluminate (MMA) substrate material under fuel cell manufacturing and operational 
conditions. A number of powder blends containing NiO and either MMA or MgO 
were calcined in air or in a humidified reducing atmosphere.
A 50:50 by weight mixture of MMA (Unitec, Ltd.) and nickel oxide (Alfa Aesar) 
powder were mixed together and calcined in a reducing atmosphere at temperatures 
between 850 and 950°C as shown in Table 6.1. The mixed powders were heated up to 
the calcination temperature in air, whereupon the furnace was purged with nitrogen 
for approximately 30 mins before a humidified reducing atmosphere of composition 
20% Hz: 80% Nz by volume at a total flow rate of 0.5 litres min * was introduced.
Table 6.1 The compositions and temperatui'es of the 
MMA:NiO powders calcined in a reducing atmosphere
Sample File Name Composition (mol%)NiO MgO MgAh04
Calcination
Temperature Time 
UC) (minutes)
50 50 850 MMA:NiO 33.9 54.9 11.2 850 60
50 50 900 MMAiNiO 33.9 54.9 11.2 900 60
50_50 950 MMAiNiO 33.9 54.9 11.2 950 60
Two different compositions of nickel oxide (Alfa Aesar) and magnesium oxide 
(Alfa Aesar) powder were mixed together and calcined in air at a number of 
temperatures for 60 minutes, as shown in Table 6.2.
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Table 6.2 The compositions and temperatmes of MgO:NiO the powders calcined in air
Composition (NiO:MgO) Calcination
Sample File Name /__Temperature Time
(°C)____  (minutes)(wt%) (mol%)
50 50 Control NiOMgO 50:50 35:65 as prepared
50 50 1100 NiOMgO 50:50 35:65 1100 60
50 50 1200 NiOMgO 50:50 35:60 1200 60
50 50 1300 NiOMgO 50:50 35:65 1300 60
50_50 1450 NiOMgO 50:50 35:65 1450 60
91 9 ConUol NiOMgO 91:9 84.5:15.5 as prepared
91 9 1000 NiO MgO 91:9 84.5:15.5 1000 6091 9 1200 NiOMgO 91:9 84.5:15.5 1200 60
The extent of the reactions between these two compounds was evaluated by X-ray 
diffraction. The MMA and nickel oxide powders were analysed using a Phillips X-ray 
diffractometer (model PW3710) with CuKa radiation. Measurements were performed 
at room temperature over the range 20 = 20-130° in steps of A(20) = 0.01°. The nickel 
oxide and magnesium oxide powders were analysed using a Seifert X-ray 
diffractometer (model XRD-3003TT) with CuKa radiation. The measurements were 
performed at room temperature over the range 20 = 20-50° in steps of A(20) = 0.02°.
6.2.2 NiO and MgO Migration
The experimental samples consisted of a porous MMA support, with a porous 
yttria-stabilised zirconia (YSZ) porous anode barrier layer (PAB) and the membrane 
electrode assembly (MEA) printed and sintered on top. The samples were prepared, 
fr'orn the porous YSZ layer through to the cathode current collector layer, with all the 
standard cell materials being used. Each sample represents a stage in the fabrication 
process. A schematic diagram of the experimental samples is shown in figure 6.1.
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Figure 6.1 A schematic diagram of the experimental samples
The MMA support was cut to approximately 70 mm x 70 mm x 5 mm in size, and 
fired to 1000°C to remove any organic residue from the surface prior to printing. All 
the layers were screen printed, using a stainless steel mesh screen with 325 counts 
per inch, zero emulsion thickness, and a square pattern 50 mm x 50 mm in size 
(MCI, Cambridge). The standard firing temperatures were used for all the layers 
except the composite anode and the two electrolyte layers. For these layers two 
different firing temperatures were used, a higher temperature of 1450°C and a lower 
temperature of 1350°C. The capital letter H or L at the end of the sample name 
denotes whether the higher or lower firing temperatures was used for the composite 
anode and the two electrolyte layers.
The higher temperature is the temperature presently used to fire the electrolyte layers. 
All the firing schedules had a ramp rate of 2°C min“* to 500°C, then 3°C min”’ to the 
firing temperature and were cooled to room temperature at a rate of 3°C min"\ The 
firing to 1300°C for 30 minutes simulated the firing of the dense barrier layer, 
although this is not applied to single cells. Details of each of the firing temperatures 
for each of the layers in the samples are displayed in table 6.3 and 6.4. A number of 
sintered samples where heated up to 950°C in a humidified reducing atmosphere 
consisting of 10 vol% Hz 90 vol% Nz to allow the examination of the nickel within 
the composite anode under an atmosphere similar to that found at the anode during 
operation.
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Table 6.3 Details of the sintering temperatui’es for the higher temperatui e sintered samples
Sample Layers Firing TemperatureCC)
Firing Time 
(Hours)
MTOH Porous YSZ 1450 1
MTIH 1300 0.5
Porous YSZ 1450 1
MT2H Composite Anode 1450 1
1300 0.5
Porous YSZ 1450 1
MT3H Electrolyte 1450 1
Composite Anode 1450 1
1300 0.5
Porous YSZ 1450 1
MT4H Electrolyte 1450 1
Electrolyte 1450 1
Composite Anode 1450 1
1300 0.5
Porous YSZ 1450 1
MT5H Cathode 1175 1
Electrolyte 1450 1
Electrolyte 1450 1
Composite Anode 1450 1
1300 0.5
Porous YSZ 1450 1
MT6H CCC 1150 1
Cathode 1175 1
Electrolyte 1450 1
Electrolyte 1450 1
Composite Anode 1450 1
1300 0.5
Porous YSZ 1450 1
Sample Layers Sintering Temperature (°C)
Sintering Time 
(Hours)
MTOL Porous YSZ 1450 1
MTIL 1300 0.5
Porous YSZ 1450 1
MT2L Composite Anode 1350 1
1300 0.5
Porous YSZ 1450 1
MT3L Electrolyte 1350 1
Composite Anode 1350 1
1300 0.5
Porous YSZ 1450 1
MT4L Electrolyte 1350 1
Electrolyte 1350 1
Composite Anode 1350 1
1300 0.5
Porous YSZ 1450 1
MT5L Cathode 1175 1
Electrolyte 1350 1
Electrolyte 1350 1
Composite Anode 1350 1
1300 0.5
Porous YSZ 1450 1
MT6L CCC 1150 1
Cathode 1175 1
Electrolyte 1350 I
Electrolyte 1350 1
Composite Anode 1350 1
1300 0.5
Porous YSZ 1450 1
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Cross sections from a number of the samples were cold mounted in an epoxy resin 
(Epofix ftom Struers), polished down to 1 pm with diamond paste (Struers) and 
finally polished with a 0.04 pm colloidal silica solution (Struers). From these the 
microstructures of these samples were examined by light microscopy (Nikon 
Optiphot-100) and scanning electron microscopy (SEM, Cambridge Stereoscan 240). 
A solid state backscattered electron (BSE) detector (K.E. Developments Ltd. 
4 quadrant model) were used to investigate the morphology and microstructure of the 
samples. A PGT Avalon energy dispersive X-ray analyser (EDX) was used in 
conjunction with the SEM for investigating the chemical composition of the phases 
present in the microstructure.
6.3 Results and Discussion
6.3.1 NiO and MgO Reactions
The 20 values for the three largest intensity peaks for NiO, MgO, MgAlz04 and Ni 
ft'om iiTadiated with CuKai (X = 1.5406 Â) radiation were used to identify the phases 
are show in Table 6.5. Examination of the NiO-MgO binary equilibrium phase 
diagram reveals that the two oxides are completely soluble in each other and form a 
continuous solid solution as shovm in figure 6.2 (Levin et aL, 1964). The diffraction 
pattern for the solid solution occurs between those for NiO and MgO and their 
position is dependent on the composition (Kuzmin and Mironova, 1998). This 
information was used to assess whether or not a solid solution had formed and if it 
had formed, to estimate its composition.
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Table 6.5 The 2-theta values from the 3 largest peak intensities for CuKa radiation
Mineral Name and Intensity hkl 2-theta JCPDS-ICDD ^
Chemical Formula I/Io Reference No.
100 200 42.91
Periclase (MgO) 45 220 62.29 #78-0430
12 111 36.93
100 200 43.30
Bimsenite (NiO) 68 111 62.90 #78-0643
43 220 37.27
100 311 36.87
Spinel (MgAL04) 70 400 44.81 #84-0377
60 440 65.23
100 111 44.51
Nickel (Ni) 42 200 51.84
21 220 76.37
Joint Committee on Powder Diffraction Standards - International Center for Diffiaction Data
^ 2600
2000
0
NiO
20 AO 60 80 100
M gOM ol %
Figure 6.2 MgO-NiO binary equilibrium phase diagram (after Levin et aL, 1964)
The X-ray diffraction (XRD) patterns of the 50:50 wt% MMAiNiO powder calcined 
in a reducing atmosphere at temperatm'es between 850 and 950°C are shown in 
figure 6.3. The peaks associated with MgO, MgAl2Û4 and Ni, at 20 = 42.91°, 44.81° 
and 44.51°, respectively, ai*e clearly observed. No evidence for a peak for NiO at 
20 = 43.30° could be found. This demonstrates that at operational temperature and in a 
reducing atmosphere the NixMgi-xO solid solution did not form to such an extent that 
it could be detected by XRD.
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Figure 6.3 XRD patterns of 50:50 wt% MMAiNiO powder calcined for 60 minutes in 
a 20 voI% HiiSO vol% N% atmosphere at (a) 850°C; (b) 900°C; (c) 950°C.
The XRD patterns of the 50:50 wt% NiO:MgO powder are shown in figure 6.4. The 
control powder (a) clearly displayed the NiO and MgO peaks marked as N and M, 
respectively. After calcining at 1100°C for 60 minutes, the MgO peak at 20 = 42.91° 
broadened. When the calcination temperature was raised to 1200°C the NiO and MgO 
peaks merged to a position between the two. With further increases in the calcination 
temperature the NLMgi.^O peaks sharpened. These obser-vations are further illustrated 
in figure 6.5 which is a magnification of the MgO and NiO peaks at 20 = 42.91° and 
43.30° respectively.
The XRD patterns of the 91:9 wt% NiO:MgO powders are shown in figure 6.6. The 
MgO peak at 20 = 42.91° was very small, which made it harder to observe, but the 
same trends as seen for the 50:50 wt% NiO:MgO powder were observed. The control 
powder clearly displayed the NiO and MgO peaks marked as N and M, respectively. 
After calcining at 1000°C for 60 minutes the MgO peak at 20 = 42.91° broadened. 
When the calcination temperature was raised to 1200°C the NiO and MgO peaks 
merged to a position between the two. These observations are further illustrated in 
figure 6.7 which is a magnification of the MgO and NiO peaks at 20 = 42.91° and 
43.30°, respectively.
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Figure 6.4 XRD patterns of 50:50 wt% NiO:MgO powder (a) as prepared and air 
calcined for 60 minutes at (b) 1100°C; (c) 1200®C; (d) 1300°C and (e) 1450°C, 
where M and N indicate the peaks associated with MgO and NiO, respectively.
c3•satc
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Figure 6.5 XRD patterns of 50:50 wt% NiOrMgO powder (a) as prepared and air 
calcined for 60 minutes at (b) 1100°C; (c) 1200°C; (d) 1300°C and (e) 1450°C.
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Figure 6.6 XRD patterns of 91:9 wt% NiOiMgO powder (a) as prepared and air 
calcined for 60 minutes at (b) 1000°C and (c) 1200°C, where M and N indicate the 
peaks associated with MgO and NiO, respectively.
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Figure 6.7 XRD patterns of 91:9 wt% NiO:MgO powder (a) as prepared and 
air calcined for 60 minutes at (b) 1000°C and (c) 1200°C.
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A summary of the temperatui'es at which NiO and MgO formed solid solutions is 
shown in table 6.6. The results presented here demonstrate that when MgO and NiO 
are mixed together such that they aie in close proximity they do not form a solid 
solution after 60 minutes at temperatures up to and including 950°C, in a reducing 
atmosphere. They did, however, form a solid solution after 60 minutes when calcined 
at temperatui'es above 1100°C in an oxidising atmosphere. This may be a problem 
diu'ing the manufactme of the cells as there are many sintering stages at temperature 
above 1100°C.
Table 6.6 A summary of the temperatures at 
which NiO and MgO formed a solid solution.
Sample Temperature Time(Minutes)
Solid
Solution
50:50 wt% NiOiMgO 1100 60 No
1200 60 Yes
1300 60 Yes
1450 60 Yes
91:9 wt%NiO:MgO 1000 60 No
1200 60 Yes
6.3.2 NiO and MgO Migration 
6.3.2.1 Observations of Microstructures
A number of BSE micrographs of the as sintered samples and light micrographs of 
reduced samples are shown in figures 6.8 to 6.13. The BSE images highlight the 
atomic number difference between the elements. Lower atomic number elements or 
phases appear darker than heavier ones. In these micrographs the very dark phase at 
the bottom is the MMA and the light phase on top is the YSZ. The intennediate 
shaded phase, which is found between the PAB and electrolyte layers, is the NiO.
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For the higher temperature sintered samples, a dark phases could be seen in some of 
the pores in the PAB layer, as seen in figures 6.9a and 6.10a. The composition of 
these dark phases was found to be rich in nickel with a significant amount of 
magnesium. As mentioned earlier it is known that these two oxides form a continuous 
solid solution. This phenomenon of a NiO-MgO phase forming in the pores of the 
PAB had been obseived previously in fuel cells with a precious metal anode current 
collector (Delaforce, 2003; Thomsen, 2002; Thomsen et al, 2003).
The lower temperature sintered samples exhibited a very different microstructure. The 
composite anode was more porous and the NiO particles were more evenly 
distributed, as seen in figure 6.11a. With these samples very little dark phase was 
found to form in the PAB layer compared with the higher temperature sintered 
samples.
Sections from these samples were placed in a humidified reducing atmosphere at 
950°C to help identify the location of the nickel and obseive the microstructure of the 
reduced composite anode. The nickel can be identified in the light microgr aphs as the 
very bright phase. In the higher temperature sintered samples the nickel particles were 
very small and unevenly distributed within the composite anode layer as shown in 
figure 6.8b. By the electrolyte sintering stage the nickel particles were even smaller 
and much less numerous, as illustrated in figures 6.9b. Additionally a few nickel 
particles could be see in the PAB layer, where the nickel rich dark phase had been 
observed to form. In the lower temperature sintered samples the nickel particles were 
found to be much larger and more abundant. There were a greater number of large 
nickel particles located in the middle of the composite anode with numerous smaller 
nickel particles aroimd them, producing a much more intercormected microstructure. 
The microstructure of the composite anode did not seem to alter significantly 
tliroughout the different fabrication stages of the fuel cell. Additionally with the lower 
temperature sintered samples the electrolyte layer was not as dense as that formd in 
the higher temperature sintered samples. This could cause considerable problems for 
the fuel cell as the electrolyte needs to form a layer that is impervious to gas flow.
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C om posite 
RAB Anode
I Composite I Anode
Figure 6.8 Polished cross sections of sample MT2H (a) backscattered electron 
micrograph of a fabricated sample (b) light micrograph of a sample reduced at 950°C.
PAB Electrolyte
} Electrolyte
1 Composite Anode
Dork P tiasea '
Com posite
A node
(a) (b)
Figure 6.9 Polished cross sections of sample MT4H (a) backscattered electron 
micrograph of a fabricated sample (b) light micrograph of a sample reduced at 950°C.
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Cathode Current 
Collector
I Electrolyte
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Dark P ttases
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A node C athode
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Figure 6.10 Polished cross sections of sample MT6H (a) backscattered electron 
micrograph of a fabricated sample (b) light micrograph of a sample reduced at 950°C.
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Figure 6.11 Polished cross sections of sample MT2L (a) backscattered electron 
micrograph of a fabricated sample (b) light micrograph of a sample reduced at 950°C.
Figure 6.12 Polished cross sections of sample MT4L (a) backscattered electron 
micrograph of a fabricated sample (b) light micrograph of a sample reduced at 950°C.
Electrolyte
Composite
Anode
Figure 6.13 Polished cross sections of sample MT6L (a) backscattered electron 
micrograph of a fabricated sample (b) light micrograph of a sample reduced at 950°C.
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SEM micrographs and line scan profiles for Zr, Mg and Ni for the MT4 and MT6 
samples sintered at higher and lower temperatures are shown in figures 6.14 to 6.17. 
With both the higher and lower temperature sinterings magnesium could be found 
alongside nickel, but much less was observed in the lower temperature samples. 
Generally there was very little nickel observed with the zirconia, which was expected 
as the solubility limit of nickel in YSZ is reported to be between 1-3 mol% 
(Chen et al, 1994; Chen et al, 1992; Kuzjukevics and Linderoth, 1997). When the 
line scan passed through a large pore in the PAB layer of the higher temperatm'e 
samples significant amounts of magnesium, up to 30 at%, where observed with the 
nickel found there, as see in figure 6.14. Furthermore considerable amounts of nickel 
were found with the magnesimn at the beginning of the MMA layer for the higher 
temperatm'e sample. The amount of nickel in the MMA layer increases with each 
sintering stage, as shown in figme 6.14 and 6.15. Substantially less nickel was 
observed in the MMA layer in the lower temperature sintered samples, as illustrated 
in figures 6.16 and 6.17.
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Distance down the red line
Figure 6.14 Scanning electron micrograph of a polished cross 
section from sample MT4H and line profiles for Zr Mg and Ni.
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Figure 6.15 Scanning electron micrograph of a polished cross 
section from sample MT6H and line profiles for Zr Mg and Ni.
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Figure 6.16 Scanning electron micrograph of a polished cross 
section from sample MT4L and line profiles for Zr Mg and Ni.
Com posite
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25 um Distance down the red line
Figure 6.17 Scanning electron micrograph of a polished cross 
section from sample MT6L and line profiles for Zr Mg and Ni.
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With the higher electrolyte sintering temperature a dark phase was found to form in 
the pores of the PAB layer after the second electrolyte layer sintering (sample 
MT4H). A higher magnification micrograph of this phase is shown in figure 6.18. The 
dark phases found in the pores of the PAB layer in samples MT4H, MT5H and MT6H 
were analysed and were found to be rich in nickel and magnesium. The concentration 
of both nickel and magnesium increased with each additional high temperature 
sintering.
Dark Phase
Figure 6.18 Scanning electron micrograph of the polished cross section 
of sample MT4H displaying a dark phase in the pores of the PAB layer.
6.3.2.2 Extent of Diffusion
At present there is limited information on the diffusion of Ni or Mg in YSZ. 
Bak et aL, (2002) reported expressions for the bulk and grain-boundary diffusion 
coefficients for Mg in cubic YSZ (10 mol% yttria). These expressions for the 
temperature dependence of the bulk Dl and grain boundary Dgb, diffusion coefficients 
are given as: -
D, = 5.7 exp -  390 / molRT (cm‘ -5"' ) (6 .1)
D . = 6 .2 x 10 * exp - \ 2 \ k J  ! mol RT (6.2)
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Argirusis et al., (2004) reported expressions for the bulk diffusion coefficients for Ni 
in cubic (9.5 mol% yttria single crystal) and are given as: -
=6.7x10  ^exp -  366 kJ / mol RT {cm  ^ j ' )  (6.3)
^mion ~  ^  GXp
-  341 kJ I mol 
RT [crn^  • 5 ')  (6.4)
where R is the gas constant and T is the temperature in Kelvin. It was reported by 
Bak et al, (2002) that the critical temperatm'e for magnesium diffusion in 10 mol% 
YSZ is approximately 1495°C. Below this temperatm'e grain boundary diffusion is 
dominant and at temperatures greater than 1495°C bulk diffusion dominates. Using 
the semi-infinite somce boundary condition, the solution to Pick’s second law of 
diffusion (Ragone, 1995) is:
/
= \ - e r f X 1 (6 5)
where D is the diffusion coefficient, erf(x/2V(Dt)) is the eiTor function of x/2 V(Dt), 
Cs is the surface concentration, Co is the initial concentration and C(x,t) is 
concentration at distance x, at time, t. The depths conesponding to a concentration of 
1 mol% Mg or Ni after 60 minutes at various temperatm'es were calculated and are 
shown in table 6.7. From these calculations the diffusion depths at temperatm'es near 
1400°C are of the order of several micrometres. These values are large enough to 
account for the migration of MgO or NiO all the way thi'ough the porous YSZ layer, a 
distance of over 20 pm.
It is well known that smface diffusion has a considerably lower activation energy than 
gi'ain boundary or bulk diffusion activation energy of 38 kJ moT* for Ni smface 
diffusion on ZrO% has been reported (Zeng et al, 1995). As the relevant layers are 
porous, a significant amount of smface diffusion would be expected. This could 
explain the magnesimn and nickel penetration into the porous YSZ and anode layers.
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Table 6.7 The calculated diffusion depth (pm) at which
a 1 mol% concentration is reached a:ter 60 minutes
Temperature (Argirusis et al, 2004) ^ (Bak et al, 2002) %
(°C) Ni Ni Ion Implanted Mg
Bulk Bulk Bulk Grain Boundary
1000 0.01 0.03 0.05 1.81100 0.02 0.1 0.2 2.7
1200 0.06 0.3 0.6 3.91300 0.2 0.8 1.7 5.3
1400 0.3 1.8 4.2 6.91450 0.5 2.6 6.3 7.9
9.5 moI% YSZ single crystal samples 
10 mol% YSZ polycrystalline samples
Once NiO and MgO have come into contact, there is the possibility that they will 
react to form a NiO-MgO solid solution. This is a problem for two reasons. Firstly, 
the nickel is not where it should be i.e. the cell. Secondly it is difficult to recover 
metallic nickel. Previous work has shown that it is difficult to reduce the NiO in a 
NiO-MgO solid solution in a dry 9 vol%: Hz 91 vol%Nz atmosphere at 950 or 1000°C 
(Thomsen et al, 2003). In these experiments equimolar quantities of MgO and NiO 
were calcined at 1350°C for 2 hours to allow the solid solution to form. The weight 
losses from these powders in a reducing atmosphere at either a constant temperature 
or during heating up to 1300°C, at a heating rate of 2°C min'% were measmed using 
thermogravimetric analysis (TGA). The amount of NiO reduced was calculated from 
the weight loss obsei*ved from the calcined NiO-MgO powders during reduction in the 
TGA. It was assumed that the weight loss occuiTed only from the reduction of the 
NiO and not the MgO. This assumption would seem reasonable as MgO is Icnown to 
be a considerably more stable oxide then NiO. After 90 hours only 7 wt% and 12 wt% 
of the NiO had reduced at 950 and 1000°C, respectively. Additionally it was found 
that at 1300°C only 40 wt% of the NiO had been reduced (Thomsen et al, 2003).
The migration of NiO and MgO with subsequent formation of a NiO-MgO solid 
solution has the potential to cause significant problems when using NiO based anodes 
or current collectors. The difficulty reported in reducing the NiO in the NiO-MgO 
solid solution would cause less metallic nickel to be present during operation of the 
fuel cell. This would cause the catalytic performance of the anode and the electrical 
conductivity of the anode and anode side cuiTent collector to be reduced. Lowering
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the temperatm'e at which the electrolyte layers are sintered would reduce the NiO and 
MgO migration and the amount of NiO-MgO solid solution formed. Unfortunately the 
electrolyte cuiTently needs to be sintered to these high temperatures so that it has 
sintered sufficiently to make it adequately impermeable, as this is one of the major 
requirements of the electrolyte layer. The aim of lowering the electrolyte sintering 
temperature is not incompatible with the overall objectives of cell development. In 
fact from a manufactming standpoint it would be beneficial. The sintering costs 
would be reduced by the reduced energy requirements ft'om the faster process time. 
Additionally the capital cost of the fmnace would be reduced, as it would not need to 
be designed to operate as such high temperatm'es.
6.5 Concluding Remarks
NiO fi'om the composite anode and MgO fi'om the MMA support were fomid to 
migrate and form a solid solution dming the fabrication of the fuel cell. This solid 
solution was found to form at temperatures above 1100°C in an oxidising atmosphere, 
but not after 60 minutes at 950°C in a reducing atmosphere. This illustrates that this 
reaction between NiO and MgO is a problem dming the manufactme of the cells as 
there are many sintering stages at temperatm'es above 1100°C. However, if it can be 
avoided during manufactme then operational conditions should present less problems.
The migration of NiO and MgO was much more pronounced when the higher 
temperatm'e was used to fire the composite anode and electrolyte layers. The extent of 
this migration could not be explained by the reported bulk and grain boundary 
diffusion of Ni and Mg in YSZ. As all the layers, with the exception of the electrolyte, 
are highly porous it is hypothesised that the NiO and MgO migrate by surface 
diffusion through these layers. In addition the microstructure of the composite anode 
was superior with the lower sintering temperatmes, as an interconnecting nickel 
network was produced.
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It is recommended that to decrease the amount of NiO/MgO migration and the 
formation of a NiO-MgO solid solution and to maintain an appropriate anode 
microstructui'e, the sintering temperatures should be kept as low as possible. However 
this could have a considerable effect on the electrolyte layers as presently they need to 
be sintered to high temperatm'e to allow them to densifiy such that they are 
sufficiently impermeable. However the aim of lowering the electrolyte sintering 
temperatm'e is not incompatible with the overall objectives of cell development, as it 
would help reduce the manufactming costs. Further work would need to be 
completed to allow the electrolyte layer to be sintered at a lower temperature to 
minimise the NiO/MgO migiation and formation of a solid solution, otherwise the use 
of NiO in the anode and cunent collector would be limited.
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7 Reactions Between Nickel Oxide and Zirconia
7.1 Introduction
In Chapter 5 it was observed that the presence of NiO caused significant grain growth 
of the 8 mol% YSZ substrate after sintering to 1450°C for 1 hour*. In the present 
IP-SOFC manufactiu'ing process the two electrolyte layers, and the porous anode 
barrier layer, are sintered at 1450°C for 1 hour each. Hence it is important to 
determine the extent of interactions between NiO and YSZ.
Thus, the reactions of NiO with 3 and 8 mol% yttria doped zirconia tiles, in air at high 
temperatmes are investigated. These two different yttria doped zirconia tiles are used 
as these are the two compositions used in the IP-SOFC design. The microstiuctui'e 
and phase composition are characterised using X-ray diffraction and both light and 
election microscopy. Additionally, the implications of the reactions between NiO and 
yttria doped zirconia, for the electrolyte in the IP-SOFC design is discussed.
7.2 Experimental Procedure
7.2.1 Sample Preparation
All the samples consisted of 50 mm x 50 mm x 0.2 mm substrates made ûom either 
3 or 8 mol% YSZ tape-cast tiles (supplied by Kerafol, Germany). The chemical 
composition of these tiles was obtained using X-ray fluorescence (XRF), preformed 
by CERAM Research Limited (Stoke-on-Trent), as shown in table 7.1.
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Table 7.1 Results of XRF analysis of 3 and 8 mol% YSZ tiles
Composition (wt%)
3 mol% YSZ 8 mol% YSZ
Zirconia (ZrOz) 92.51 83.74
Yttria (Y2O3) 5.39 14.36
Hafnia (HfOz) 1.95 1.80
Silica (S1O2) 0.03 0.05
Alumina (AI2O3) 0.03 <0.02
Uranium Oxide (UO2) 0.01 0.03
Ferric Oxide (FezOs) 0.01 <0.01
Soda (NaiO) <0.1 <0.1
Magnesia (MgO) <0.05 <0.05
Titania (TiOi) <0.01 <0.01
Lime (CaO) <0.01 <0.01
Nickel Oxide (NiO) <0.01 <0.01
Loss on Ignition at 1025°C 0.07 0.02
A nickel oxide window pattern was screen printed (using a SMTECH Benchmark 
90 screen printer) on one or both sides of a number of substrates using a steel 
square mesh screen measuring 40 mm x 40 mm (supplied by MCI, Cambridge). 
The dimensions of the NiO window pattern are shown in figure 7.1. The NiO ink 
consisted of 80 wt% solids loading of 99 % nickel (II) oxide powder, 325 mesh 
(Alfa Aesar, Germany) mixed with 63/2 Medium, a terpineol based ink 
(Cookson Matthey, UK).
50 mm
T'---
mm
40 mm
Figure 7.1 A schematic diagram of the sample printed 
with a NiO window pattern, showing the dimensions.
The samples were dried at 120°C for 20 min before sintering. A number of samples 
were sintered vertically and others were placed on top of either a 3 or 8 mol% YSZ 
backing tile and sintered horizontally. The samples were sintered to a number of
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different temperatures for a range of different dwell times. The sintering schedule was 
2°C min“  ^ to 500°C, 3°C min“  ^ to the sintering temperatme followed by a dwell. The 
samples were cooled to room temperatnre at a rate of 3°C min“^ Low silica containing 
almnina fibreboard (Teknlform Ltd., UK) was used to line the furnace and provide the 
ftunace furnitiue.
A number of both 3 and 8 mol% YSZ control tiles under went the same temperatnr e 
profile as the samples with nickel oxide printed on them. The details of all of the 
samples are shown in table 7.2.
Table 7.2 The sintering schedules used to produce 
the NiO window pattern and control samples
Sample Sintering/Aging Temperature (*C)
Dwell
(hours) Comments
3 mol YSZ Control Plain Tile
3molYSZ 1350“C lh 1350 1 Plain Tile
3 mol YSZ 1500°Clh 1500 1 Plain Tile
3 molYSZ 1550°Clh 1550 1 Plain Tile
3 mol YSZ 1550°C 6h 1550 6 Plain Tile
3 molYSZ-NiO 1350°C Ih 1350 1 NiO Printed Window Patten
3 mol YSZ-NiO 1500°C Ih 1500 1 NiO Printed Window Patten
3 mol YSZ-NiO 1550°C Ih 1550 1 NiO Printed Window Patten
3 mol YSZ-NiO 1550°C 6h 1550 6 NiO Printed Window Patten
8 mol YSZ Control Plain Tile
8 mol YSZ 1350°C Hr 1350 1 Plain Tile
8 mol YSZ 1500°C Hr 1500 1 Plain Tile
8molYSZ 1550°C Hr 1550 1 Plain Tile
8 mol YSZ 1550°C 6h 1550 6 Plain Tile
8 mol YSZ-NiO 1450°C Ih 1450 1 NiO Printed Window Patten
8 mol YSZ-NiO 1450°C 6h 1450 4 NiO Printed Window Patten
8 mol YSZ-NiO 1500°C Ih 1500 1 NiO Printed Window Patten
8 mol YSZ-NiO 1550°C Hr 1550 1 NiO Printed Window Patten
8 mol YSZ-NiO 1550°C 6h 1550 6 NiO Printed Window Patten
7.2.2 Microstructural Characterisation
Surfaces and polished cross sections were examined by light microscopy (Nikon 
Optiphot-100) and scanning electron microscopy (SEM, Cambridge Stereoscan 240) 
to investigate the morphology and microstructure of the samples. Cross sections from
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a number of the samples were cold mounted in an epoxy resin (Epofix from Struers), 
polished down to 1 pm with diamond paste (Struers) and finally polished with a 
0.04 pm colloidal silica solution (Struers). These polished cross sections were either 
chemically or thermally etched to reveal the YSZ grains.
During chemical etching the samples were treated with 40 vol% concentrated 
hydi'ofluoric acid for 15 to 30 minutes. For the thermal etching the majority of the 
moimting resin was cut away from the polished cross sections before they were placed 
in the furnace. The etching schedule was 1°C inin  ^ to 800°C, to pyrolyse the 
remaining epoxy resin mount, followed by 3°C min'^ to the etching temperature. The 
thermal etching took place at a temperature that was 100°C below the aging 
temperature with a dwell for 15 minutes, after which the samples were cooled to room 
temperature at a rate of 3°C min"'\
A PGT Avalon energy dispersive X-ray analyser (EDX) was used in conjunction with 
the SEM for investigating the chemical composition of the phases present in the 
microstructure. The grain size of the samples was determined using the linear 
intercept method complying with the British Standard BS EN 623-3:2001 (method B) 
where the number of grains measur ed per sample was approximately 380.
7.2.3 X-Ray Diffraction
Sections fi'om a munber of the samples were analysed using X-ray diffraction (XRD) 
to investigate the phase composition and crystal lattice parameters. These sections 
consisted of a small square, approximately 8 mm x 8 mm, cut ft'om the YSZ tiles. For 
the 3 rnol% YSZ-NiO samples a square piece was cut from the corner of the tiles as 
shown in figure 7.2a. The nickel oxide layers were removed by lightly rubbing the 
srrrface with silicon carbide paper. For the 8 mol% YSZ-NiO samples square sections 
were cut from the aieas were nickel oxide had not been printed. Each square was 
subsequently cut to remove a 4 mm wide strip around the central region as illustrated 
in figure 7.2b. The middle and one of the edge sections were analysed.
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Middle Edge 12 mm
8 mm 4 mm
(a) (b)
Figure 7.2 A schematic diagram where the dashed square represents the 
area removed for X-ray diffraction, for the (a) 3 mol% YSZ-NiO and 
(b) 8 mol% YSZ-NiO samples.
The samples were analysed using a Phillips X-ray diffractometer (model PW3710) 
with CuKa radiation. The measurements were preformed at room temperature over 
three different 20 ranges. All samples had a full scan over the range 20 = 20-130° and 
a high resolution scan over the range 20 = 72-76° to resolve the cubic (400) and 
tetragonal (400) and (004) peaks. Samples with a monoclinic phase present were 
subjected to another a high resolution scan over the range 20 = 17-36° to resolve the 
cubic and tetragonal (111) and monoclinic ( 100), (Oil), (110), (11-1), (111) and (002) 
peaks.
The scans over the range 20 = 20-130° used a step size of A(20) = 0.01° with a scan 
speed of 0.004° 20 per second, except for the samples YSZ-NiO 1500°C Ih and 
YSZ-NiO 1350°C Ih, which had a scan speed of 0.01° 20 per second. The high 
resolution scans over the range 20 = 72-76° used a step size of A(20) = 0.04° with a 
scan speed of 0.001° 20 per second; those over 20 = 17-36° used a step size of 
A(20) = 0.01° with a scan speed of 0.001° 20 per second.
Estimates of the phase composition were made from the relative intensities of the 
X-ray peaks. The weight fraction of the monoclinic phase, Xm, was calculated using 
equation 7.1 (Garvie and Nicholson, 1972):
= / ( 1 1 Dm + / ( 1 11) . (7.1)
/ ( l l l ) „ + / ( l l l ) „ + / ( l l D , ,
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where 1(11 l)m is the integrated intensity from the monoclinic (111) peak, I(ll-l),n is 
the integrated intensity from the monoclinic (11-1) peak and 1(1 ll)c,t is the integrated 
intensity from the cubic and/or tetragonal (111) peak.
The cubic (400) and tetragonal (400) and (004) peaks were used to calculate the 
relative amounts of the cubic and tetragonal phases, respectively, as these peaks did 
not overlap with any from the monoclinic phase. The weight fraction of the cubic 
phase, Xc was calculated using equation 7.2:
X ^= ---------------------   (7 2)'  /(004),+7(400),+/(400)„
where l(400)c is the integrated intensity from the cubic (400) peak, I(400)t is the 
integrated intensity from the tetragonal (400) peak and I(004)t is the integrated 
intensity from the tetragonal (004) peak.
The lattices parameters of the cubic (c) phase were determined fr om the measured 
value of the (400)c lattice spacing and the (004)t and (400)t peaks were used to 
calculate the tetragonal (t) phase lattice parameters.
7.2.4 Electron Backscatter Diffraction
An EDAX/TSL electron backscatter diffraction (EBSD) detector attached to a Leo 
scanning electron microscope (model Gemini Leo 1530 VP) with an EDAX/TSL 
energy dispersive X-ray analysis system were used to investigate the microstructure 
and crystallographic phase of the 3 mol% YSZ-NiO sample sintered at 1550°C for 
6 hours.
Cross sections of the sample were mounted in an electrically conductive cold 
mounting system (Conducto-Set fr om MetPrep) and polished down to 1 pm diamond 
paste (Struers) with a final polish with a 0.04 pm colloidal silica solution (Struers). 
The samples were sputtered very lightly with palladium-gold to prevent charging. The 
sputtering was carried out with a cmi’ent of 20 mA for 2 to 4 seconds.
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The samples were tilted by 70°, with respect to the base of the vacuum chamber of the 
SEM and an accelerating voltage of 20 kV with a working distance of 15 mm were 
used. The Kikuchi patterns were processed and analysed using OIM 4 software. The 
EBSD orientation and element maps were produced using a scan step size of 0.1 pm.
7.3 Results
7.3.1 Nickel Oxide Migration
7.3.1.1 V isual O bservations
The 3 mol% YSZ tiles were found to warp or fracture significantly when sintered with 
nickel oxide on the surface, as illustrated in figure 7.3. The orientation of the sample 
had an effect. The samples sintered horizontally tended to bond to the backing tile and 
fracture due to being constrained. The samples sintered vertically were unconstrained 
and so warped significantly. Examination of these samples revealed numerous cracks 
had formed around the areas at the edge of the region where the nickel oxide had been 
printed. Furthermore the samples where found to be fragile, due to the presence of 
numerous cracks. The 8 mol% YSZ tiles, by contrast, did not crack or distort during 
sintering as shown in figure 7.4.
Orangt Araa of NiO
Backing Tila
(a) (b)
F igure 7.3 A photograph of a 3 mol% YSZ-NiO sample after sintering at 1550°C 
for 6 hours (a) vertically and (b) horizontally on a 3 mol% YSZ backing tile.
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F igure 7.4 A photograph of an (a) 8 mol% YSZ backing tile and (b) 8 mol% YSZ tile 
with a NiO window pattern printed on both sides after sintering at 1550°C for 6 hours
7.3.1.2 M icrostructural E xam ination  o f  the B ack ing Tiles
With both 3 and 8 mol% YSZ backing tiles, the areas touching the nickel oxide layer 
above turned orange as shown in figures 7.3 and 7.4. EDX analysis of the backing 
tiles indicated that a small amount of nickel may be present in the orange areas 
(approximately 0.1-1 at%) but no trace was found in the white areas. Previous studies 
have reported similar colour changes from white to light red (Kondo et ai, 2003) or 
light brown (Linderoth et ai,  2001) when zirconia is calcined with nickel oxide.
Examination of the surfaces of the orange and white areas of the backing tiles 
revealed major changes in the microstructure. Figures 7.5 and 7.6 illustrate the 
change in the microstructure between the white and orange areas for the 3 and 
8 mol% YSZ backing tiles, respectively. For the 3 mol% backing tiles, a bimodal 
grain size distribution was observed in the orange areas on both sides of the tile. The 
white areas exhibited small grain sizes, similar to those found on the control samples. 
In contrast, the 8 mol% tiles experienced extensive grain growth in the orange areas. 
Unlike the 3 mol% tiles, the reverse side did not exhibit the large grain microstructure 
but a small one similar to that found in the white area and on the corresponding 
control samples.
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Figure 7.5 Scanning electron micrographs from the surface of the 3 mol% YSZ 
backing tile after sintering at 1550°C for 1 hours, (a) white area (b) orange area.
50 um50 pm
Figure 7.6 Scanning electron micrographs from the surface of the 8 mol% YSZ 
backing tile after sintering at 1550°C for 6 hours, (a) white area (b) orange area.
The surface grain sizes of the small grains in the white and orange areas of the 
3 mol% YSZ backing tiles which were in direct contact with the NiO printed on the 
underside of the tile above are shown in figure 7.7. Not only was there a change from 
a monomodal to a bimodal grain size distribution from the white to the orange areas, 
but also the grain size of the smaller grains increased. The difference in the grain size 
of the small grains in the white and orange areas increased with increasing sintering 
temperature and times. The grain size in the white area was comparable to those 
measured in the thermally aged control samples.
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Figure 7.7 The grain size of the small grains in the white and orange areas on the 
surface of the 3 mol% YSZ backing tiles. The solid and open points represent the 
samples sintered for 1 and 6 hours respectively. The error bars represent one 
standard deviation from the mean.
During sintering an unusual effect was observed; a blue projection of the nickel oxide 
window pattern was found on the furnace furniture when a 3 mol% YSZ backing tile 
was used, as show in figure 7.8. This effect was not observed when an 8 mol% YSZ 
backing tile was used instead of a 3 mol% YSZ tile. A very faint blue projection was 
found when sintering at 1450°C for 4 hours. With further increases in the sintering 
temperature the depth of colour of the blue phase became more intense. A summary of 
the observations is given in table 7.3.
Table 7.3 The colour strength of the blue phase on the 
furnace furniture under the 3 mol% YSZ backing tile.
T em peratu re (*C) Tim e (hours) Strength of Blue C olour
1450 4 Very faint
1500 1 Faint
1550 1 Easy to see
1550 6 Intense
The blue area on the furnace furniture was examined using EDX and found to contain 
aluminium and nickel, as shown in figure 7.9. The gold peaks in the EDX spectrum 
are from the sputter coating. The blue coloured phase was identified using X-ray 
diffraction as nickel aluminate spinel. The zirconia tiles had a nominal thickness of 
200 pm and thus this represents an exceptionally long diffusion distance.
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Figure 7.8 A photograph of the furnace furniture that supported the 3 mol% YSZ 
backing tile and printed tile combination during sintering at 1550°C for 6 hours.
2 S
EnefBV /keV
I II Jiui
(a)
Energy /KeV
(b)
Figure 7.9 EDX spectra of the furnace furniture for
(a) the blue area (b) away from the blue area.
7.3.2 3 mol% Yttria Stabilised Zirconia Tiles
7.3.2.1 X-Ray Diffraction Studies
The X-ray diffraction patterns for the 3 mol% YSZ thermal control and 3 mol% 
YSZ-NiO samples are shown in figure 7.10. The thermal control samples were all 
found to consist of the tetragonal and cubic zirconia phases. Trace amounts of the 
monoclinic phase could just be resolved for the samples sintered at 1550°C for 1 hour 
or longer.
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With the 3 moI% YSZ-NiO samples, the amount of the tetragonal phase decreases 
with increasing sintering temperature and time, as shown in figure 7.11. Additionally, 
increasing amounts of the monoclinic peaks are seen with increasing sintering 
temperature and time. This is shown more clearly by examination of the low-angle 
portion of the X-ray trace where the monoclinic (110), (11-1), (111) and (200) peaks 
occur, as shown in figure 7.12. The tetragonal peaks disappeared after sintering at 
1550°C for 6 hours. Furthermore it is evident that there is a gradual shift in the 
positions of the cubic and tetragonal {400} peaks with increasing sintering 
temperatur*e and time. This was not observed for the cubic and tetragonal {400} peaks 
of the thermal control samples.
1350°C 1h
C3
-2Ic
1550°C6h
20 30 40 50 60 70 80 90
1350“C 1h
c3
2cc
1550“C Ih
c
1550°C 6h
29 /  degrees
20  30 40  50  60  70  80  90
20 /  degrees
Figure 7.10 X-ray diffraction patterns for the (a) 3 mol% YSZ 
thermal control samples and (b) 3 mol% YSZ-NiO samples.
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Figure 7.11 High resolution mid-angle X-ray diffraction traces showing the cubic 
and tetragonal {400} peaks for the (a) 3 mol% YSZ thermal control samples and
(b) 3 mol% YSZ-NiO samples.
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Figure 7.12 High resolution low-angle X-ray diffraction traces for the 3 mol% 
YSZ-NiO samples, highlighting the increasing intensity of the mono clinic 
phase peaks with increasing sintering temperature and time.
The qualitative estimates for the amounts of the phases present in the 3 mol% YSZ 
thermal control and 3 mol% YSZ-NiO samples were calculated from the XRD 
patterns using equations 7.1 and 7.2, and the results are shown in table 7.4. 
The thermal control samples were found to consist of approximately of 90 wt% 
tetragonal and 10 wt% cubic phase. The 3 mol% YSZ-NiO samples were found to 
have a decreasing amount of the tetragonal phase and an increasing amount of the 
cubic and monoclinic phase with increasing sintering temperature and time. 
On sintering at 1550°C for 6 hours the sample were found to contain equal amounts of 
the cubic and monoclinic phases and no tetragonal phase.
Table 7.4 The phase content of the 3 mol% YSZ-NiO and control samples
Temperature
CC)
Time
(hours)
Phase Content (wt%)
Cubic Tetragonal Monoclinic
YSZ-NiO 1350 1 8 92 0
1500 1 10 81 9
1550 1 15 43 42
1550 6 50 0 50
Controls 1350 1 8 92 0
1500 1 9 91 0
1550 1 8 92 0^
1550 6 10 90 0^
t The amounts of the zirconia phases were calculated using equations 7.1 and 7.2 Trace amounts of the monoclinic phase were resolved, but not enough to quantify.
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The lattice parameters of the cubic and tetragonal phases in both the 3mol% YSZ 
thermal control and 3 mol% YSZ-NiO samples are plotted alongside those reported 
by Scott (1975) in figure 7.13. It can be seen the lattice parameters for the thermal 
control samples were constant and correspond to a yttria content of approximately 
5 mol% and 2-3 mol% for the cubic and tetragonal phases, respectively.
The cubic and tetragonal lattice parameters for the 3 mol% YSZ-NiO samples were 
found to decrease with increasing sintering temperature and time. It is well known 
that the cubic lattice parameters of yttria doped zirconia decrease with increasing 
nickel oxide content (Chen et al, 1992; Chen et al, 1994; Linderoth et al,  2001). As 
the cubic and tetragonal phases in yttria doped zirconia are very similar it would not 
be unreasonable to expect that the tetragonal lattice parameters would experience the 
same effect. In both sets of samples the c/a ratio was found to be around 1.016, which 
corresponds to a 2-3 moI% yttria content (Yoshimura, 1988).
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Figure 7.13 (a) The measured cubic and tetragonal zirconia lattice parameters. The 
solid lines and solid points are for the 3 mol% YSZ-NiO samples. The dashed lines 
and open points are for the control samples. The triangular and square points are for 
the samples sintered for I and 6 hours, respectively, (b) The cubic and tetragonal 
zirconia lattice parameters as a function of yttria, (data from Scott, 1975).
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The lattice parameters for the monoclinic phase were calculate by using p = 99.2° 
(Hann et al, 1985) and from the values of the (110)m, (002)m and (01 l)m spacings as 
shown in table 7.5. There was a high level of uncertainty in the calculation of the 
monoclinic lattice parameters. These values were comparable to those reported for 
single crystal zirconia (Hann et al, 1985) and 2 to 3 mol% YSZ polycrystalline 
samples (Lin and Duh, 1998).
Table 7.5 The monoclinic lattice parameter of the 3 mol% YSZ-NiO samples
Temperature
(°C)
Time
(hours)
Lattice Parameters (Â)
a-axis b-axis c-axis
1500 1 5.160 5.202 5.328
1550 1 5.169 5.206 5.330
1550 6 5.179 5.213 5.319
7.3.2.2 Microstructural Studies
The etching of polished cross-sections revealed that the 3 mol% YSZ samples 
possessed an unusual microstructure when nickel was present. The areas away from 
the nickel oxide layer and the white areas in the backing tiles contain a uniform 
micro structure of small grains, similar in size to those in the thermally aged control 
samples. The areas under the nickel oxide layer and the orange areas of the backing 
tiles have a bimodal microstructure of large grains dispersed amongst small grains, as 
shown in figure 7.14. This microstructure extended throughout the thickness of the 
samples.
Figure 7.14 Sc arming electron micrograph of a thermally etched polished 
cross section of 3 mol% YSZ-NiO sintered at 1550°C for 1 hour taken 
from an area under the NiO layer and showing a bimodal grain size.
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The chemical compositions of the large and small grains were acquired using the 
EDX point scan mode with an accelerating voltage of 20 kV. Using polished and 
thermally etched sections, five large and five small grains were measured in the 
orange area of the backing tile and in the area immediately imder the printed NiO 
layer. Additionally the grain size of the large grains in those areas was estimated by 
measuring the diameter of approximately 10 of the large grains in the field of view 
containing the grains analysed by EDX. The size of the small grains was estimated 
using the linear intercept method, but excluding any of the large grains.
The grain size as a function of the yttria and nickel oxide composition are shown in 
figure 7.15. There was a strong positive correlation between the yttria content and the 
grain size. The yttria content in the small grains was found to be around 1.5 to
2.5 mol% and it was 4 to 5 mol% in the large grains. These values are in very close 
agreement to those estimated from comparing the cubic and tetragonal lattice 
parameters with those fr om Scott (1975).
Although it was quite difficult to measure the nickel concentration, as the levels were 
low and close to the detection limit for EDX, there did seem to be a positive 
correlation between the nickel oxide content and the grain size. The relationship 
between the yttria concentration of the grains and their nickel oxide concentration 
highlighted two grouping, one for the small grains and the other for the large grains as 
shown in figure 7.16. The small grains had a tighter grouping and were located in the 
area between 2 to 3 mol% yttria and 0.1 to 0.2 mol% nickel oxide.
The large grains by compaiison had a looser grouping and were located in the ai*ea 
between 3 to 5 mol% yttria and 0.3 to 0.4 mol% nickel oxide. Unlike the small grains, 
there did seem to be a trend. As the sintering temperature and time increased the 
grains were lai'ger and tended to have higher yttria contents. Additionally the large 
grains in the orange areas of the backing tiles had lower nickel oxide concentrations 
than those under the printed nickel oxide layer.
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Figure 7.15 The relationship between (a) yttria content and (b) nickel oxide 
content with the grain size within the 3 mol% YSZ-NiO samples. The error 
bars represent the standard error.
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Figure 7.16 The relationship between the yttria concentration of 
the grains in the 3 mol% YSZ-NiO samples and the nickel oxide 
concentration. The error bars represent the standard error.
Examples of the Kikuchi line patterns for the cubic and monoclinic zirconia phases in 
the 3 mol% YSZ-NiO sample sintered at 1550°C for 6 hours obtained when the 
sample was examined using EBSD are shown in figure 7.17. The phase map created 
from the Kikuchi line patterns, along with an EDX map for yttria for the same area, 
are shown in figure 7.18.
121
Chapter 7 Reactions Between Nickel Oxide and Zirconia
Figure 7.17 Kikuchi line patterns for the 3 mol% YSZ-NiO sample sintered at 
1550°C for 6 hours (a) cubic and (b) monoclinic zirconia phases.
Color Coded Map Type Phase
Total Partition
Phase_________  Fraction Fraction
I I  Zirconla (mono) 0 454 0 454
I B I  Zirconia (cube) 0 462 0 462
Figure 7.18 (a) EBSD phase map from the 3 mol% YSZ-NiO sample sintered at 
1550°C for 6 hours, showing the cubic phase as blue and the monoclinic phase as 
yellow and (b) EDX yttria map of the same area were the darker blue represents
higher yttria concentrations.
It was clearly evident from the EBSD phase map that the large grains were the cubic 
phase. Furthermore there was approximately an equal volume fraction of the cubic 
and monoclinic phases. The densities of the monoclinic and cubic phases of zirconia, 
from the lattice parameters measured from the YSZ-NiO sample sintered at 1550°C 
for 6 hours, were calculated to be 5.77 and 6.08 g cm'^, respectively. As these are 
similar in value, the volume fraction will be approximately equal to the weight 
fraction. This means that these results are in close agreement with the x-ray 
diffraction results.
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1 3 .2 3  Summary
In summary it was observed that with the control samples the grain size and phase 
content did not change significantly with increasing temperature and time of the heat 
treatment. This was in contrast to the effect NiO had of the 3 mol% YSZ sample.
With increasing sintering temperatures and times, the samples with the NiO layer 
were found to have greater amounts of the cubic and monoclinic phases at the expense 
of the tetragonal phase. Initially the tiles consisted of approximately 10 wt% of the 
cubic phase and 90 wt% of the tetragonal phase. This changed to 50 wt% cubic and 
50 wt% monoclinic after sintering to 1550°C for 6 hours. Additionally a bimodal 
microstructure was found when NiO was present. The cubic grains were found to 
grow to a size over 10 times the size of the smaller grains. Furthermore, with NiO 
present, the smaller grains were found to be significantly larger than those found in 
the control samples.
NiO was found to migrate through a 200 pm thick, 3 mol% YSZ backing tile when 
sintered at 1450°C for 4 hours and the same bimodal microstructuie was observed 
throughout the thickness of the backing tile. The large cubic grains were found to 
have a larger content of both yttiia and NiO than the small grains.
7.3.3 8 mol% Yttria Stabilised Zirconia
7.3.3.1 Microstructural Studies
The mean surface grain size of the 8 mol% YSZ substrate sintered to 1550°C as a 
function of distance from the edge of the printed NiO layer is shown in figure 7.19. 
For both the dwell times investigated the same trend was observed. The grain size 
decreased with distance from the edge of the NiO up to a distance of 2 mm for the 
6 hour dwell and 1 mm for the 1 hour dwell. After this it stayed constant at around
5.5 pm for the 6 hour dwell and around 3.7 pm for the 1 hour dwell. These grain sizes 
were within one standard deviation of those measured for the thermally aged control
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samples sintered at 1550°C for 6 hours and 1 hour, i.e. 6.1 and 4.1 pm, respectively. 
Examination of the etched polished cross-sections revealed that the grain sizes in the 
region immediately under the NiO layer were larger then those in the centre of the 
substrate as shown in figures 7.20 and 7.21.
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Figure 7.19 The mean surface grain sizes of the 8 mol% YSZ substrates as a function 
of distance from the printed NiO. The error bars represent one standard deviation
from the mean.
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Figure 7.20 A light micrograph of a cross-section of an 8 mol% YSZ substrate 
with NiO printed on one side and sintered at 1550°C for 1 hour, showing that 
grains immediately under the NiO are larger than those in the middle.
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Figure 7.21 A light micrograph of a cross-section of an 8 mol% YSZ substrate with 
NiO printed on both sides and sintered at 1550°C for 6 hours, showing that grains 
immediately under the NiO are larger than those in the middle.
Using EDX, nickel was detected in the 8 mol% YSZ-NiO sample at concentrations 
around 0.5 to 1 at% where the large grains were observed. A tentative correlation 
between the nickel concentration and the grain size was found, as shown in 
figure 7.22. However as the levels detected are at the lower limit for this technique, 
the uncertainty in the result is high.
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Figure 7.22 The mean surface grain sizes of the 8 mol% YSZ substrates as 
a function of Ni concentration where the filled markers are for the control 
samples. The error bars represent one standard deviation from the mean.
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7.3.3.2 X-Ray Diffraction Studies
The 8 mol% YSZ-NiO samples were found to contain only the cubic zirconia phase, 
as shown in figure 7.23; the measured lattice parameters are shown in table 7.6. The 
cubic lattice parameters in the control samples are in agreement with those reported 
for 8 mol% YSZ (Scott, 1975; Terblanche, 1989).
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Figure 7.23 X-ray diffraction patterns for the 8 mol% YSZ samples 
sintered at 1550°C for 6 horns (a) YSZ-NiO edge; (b) YSZ-NiO middle;
(c) thermal control sample and (d) RT control sample
As mentioned earlier it is well known that the lattice parameter of cubic yttria 
doped zirconia decreases with increasing nickel oxide content (Chen et a/., 1992; 
Chen et al, 1994; Linderoth et al, 2001). As it was difficult to measure the nickel 
concentration using EDX, the lattice parameter can be used to provide an independent 
estimate of the nickel concentration.
Table 7.6 Cubic lattice parameters from the 8 rnol% 
YSZ samples sintered at 1550°C for 6 hours
Sample Lattice Parameter (Â)
RT Control 
Thermal Control 
YSZ-NiO Middle 
YSZ-NiO Edge
5.1416
5.1407
5.1407 
5.1373
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The lattice parameter for the middle section from the YSZ-NiO sample sintered to 
1550°C for 6 hours was found to be the same as the thermal control sample, but it was 
lower in the edge section near* the NiO layer. These results indicate that the middle of 
the YSZ-NiO sample does not contain any nickel, unlike the edge. Using the cubic 
lattice parameter results for 8 mol% YSZ with nickel oxide (Linderoth et al, 2001), it 
is estimated that the nickel oxide concentration in the edge of the 8 mol% YSZ-NiO 
1550°C sample is approximately 1.3 mol%. This value is in good agreement with that 
measmed near the edge of the NiO layer using EDX, at approximately 1.5 mol%, 
increasing confidence in the hypothesis that there is a nickel concentration giadient 
along the surface of the samples.
7.3.3.3 Summaiy
In summary only the cubic phase was observed in both the 8 mol% YSZ control 
samples and the 8 mol% YSZ samples with a NiO layer. Along the surface of the 
8 mol% YSZ tiles the grain size in the vicinity of the NiO layer was found to be 
almost twice as large as in areas far away and also in the to the control samples. Both 
the grain size and the nickel concentrations were found to decrease with greater 
distances away from the NiO layer. In addition, the cubic lattice parameter was found 
to increase with the distance from the NiO layer which also indicated a lower nickel 
concentration in the YSZ at distances away from the NiO layer.
Unlike the 3 mol% YSZ samples, the NiO was not found to migrate through a 200 pm 
thick, 8 mol% YSZ backing tile when sintered at 1550°C for 6 hours. Further-more, 
when the backing tile was in direct contact with NiO printed on the underside of the 
tile above, the grain growth in the backing tile was confined to a depth of 
approximately twice the size of the large grains, i.e. the same as under the NiO layer.
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7.4 Discussion
7.4.1 Overview
It is evident from the results that three phenomena are occurring in YSZ in the 
presence of NiO, namely, increased gr ain growth, phase change and nickel migration. 
Furthermore, the extent of each phenomenon was dependent on the yttria dopant 
level.
Initially 3 mol% YSZ contained approximately 10 wt% of the cubic phase and 
90 wt% of the tetragonal phase and had a monomodal grain size distribution with a 
mean value of 0.3 pm. The samples with the NiO layer were foimd to have greater 
amoimts of the cubic and monoclinic phases, at the expense of the tetragonal phase, 
with increasing sintering temperature and time. Associated with this phase 
transformation is the development of a bimodal grain size distribution which extended 
all the way through the thickness of the tiles. The large grains were all found to be 
cubic and the small grains were either tetragonal or monoclinic. The grains have all 
grown faster in the presence of NiO. Additionally, nickel was observed to have 
migrated through the thickness of the tiles, a diffusion distance of approximately 
200 pm.
This was in contrast to 8 mol% YSZ which was always only cubic phase. Rapid grain 
growth was observed to occur on the surface of the tiles up to a depth of 
approximately twice the size of the large grains in the vicinity of the NiO. The lateral 
extent of the large grains increased with increasing sintering temperature and time.
7.4.2 Phase Changes
The 3 mol% YSZ composition is on the tetragonal phase boundary, or just inside the 
cubic plus tetragonal two phase field between 1350 and 1600°C (as shown previously 
in figure 2.8). Under equilibrium conditions this would produce samples that
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contained mainly the tetragonal phase with a small amount of the cubic phase. The 
compositions of the tetragonal and cubic phases would correspond to the phase 
boundaries (i.e. between 1 and 3 mol% yttria for the tetragonal phase and between 
5.5 and 7.5 mol% yttria for the cubic phase).
Analysis of the X-ray diffraction traces of the control samples, sintered between 1350 
and 1550°C, revealed that they all contained mainly the tetragonal phase with a small 
amount of the cubic phase. Furthermore, the tetragonal and cubic lattice parameters 
revealed that the compositions of these two phases corresponded to 2 to 3 mol% yttria 
and 6 mol% yttiia, respectively. Thus, the analysis of the control samples is in 
agreement with the predictions made on the basis of the phase diagram.
The presence of NiO caused an increase in the amounts of cubic and monoclinic 
phase compared with the control samples when sintered at 1500°C and above. This 
increase in the volume fraction of the cubic phase was accounted for by the growth of 
the original cubic grains and not by the formation of new ones. The cubic phase was 
estimated to have a composition of 0.3-0.5 mol% NiO and 4-5 mol% yttria. The yttiia 
content needed to stabilise the cubic phase is lower than predicted from the phase 
diagiam. Similar obsei-vations have been seen with small amounts of NiO in 5 mol% 
YSZ (Chen et al, 1992) and MgO in 3 mol% YSZ (Lu, H-.Y. and Bow, 1989) where 
a greater quantity of the cubic phase was stabilised than that predicted from the phase 
diagram.
The analysis of the compositions of the large and small grains estimated from the 
EDX point analyses revealed two groupings. The large grains were found to have 
higher yttrium and nickel concentrations than the smaller grains, but the smaller 
grains had a smaller standard error.
With EDX analysis, the chaiacteristic x-rays produced by the interactions of the 
electron beam and the specimen atoms come from a tear drop shaped volume below 
the surface. Estimates for the depth of this volume for an acceleration voltage of 
20 kV for the electron beam are in the range of 2 to 2.3 pm for Zr, Y and Ni. This is 
about the same order as the grain size of the large grains, but significantly larger than 
the small grains. However, it must be remembered that a microstructuie is three
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dimensional and the depth of the surface grains may be significantly less than the 
grain size due to sectioning effects.
From examination of the microstructures it can be seen that the smaller giains 
smTound the larger ones. Furthermore, there is a higher probability that a smaller 
gi'ain will have another small grain as a neighbour rather than one of the larger ones. 
Therefore the majority of the measured compositions of the small grains will have 
come from the average of a number of just small grains. However the composition 
measured for the large grains would have, in effect, been an average of the large grain 
and some of the small grains sunounding it. This would explain the large standard 
errors in the measured compositions of the larger grains compared with the smaller 
ones.
The cubic lattice parameter was found to decrease with increasing sintering 
temperatme and time in the samples with NiO present. A decrease in the cubic lattice 
parameter with increasing nickel content has previously been observed in 5 and 
10 mol% YSZ (Chen et aL, 1992; Chen et al, 1994). Examining the likely effect that 
the substitution of NiO would have on zirconia, using Kroger-Vink notation, gives:
NiO  — m ; .  +  V"  +  OÔ ( 7 .3 )
where Oq* is an oxygen neutral atom on an oxygen lattice site, Ni^," is a Ni^* ion on a 
zirconium lattice site and Vq is a double positively charged oxygen vacancy. This 
can be compared with the substitution of yttria into zirconia:
F jO s > 2 F ;  +  V" +  3 0 '  ( 7 .4 )
where 0 ^  is an oxygen neutral atom on an oxygen lattice site, is aY^* ion on a 
zirconium lattice site and Vq is a double positively charged oxygen vacancy. It can 
be seen that twice as many oxygen vacancies per cation can be created when nickel is 
substituted rather than yttrium. The effect of this increase in oxygen vacancies would 
be to destabilise the tetragonal phase and stabilizes the cubic phase. Additionally, the 
cubic lattice parameter would be likely to decrease with the increased oxygen 
vacancies created.
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There was no evidence that the metastable tetragonal, f ,  phase had formed from the 
XRD patterns. The f  phase is formed from the cubic phase grains which do not have a 
high enough yttria content to be fully stabilised, by a displacive tiansfbrmation below 
a critical temperature. This means that the composition of the cubic phase was 
sufficient for it to be considered fully stabilised. This would imply that NiO doping 
helps stabilise the cubic phase such that the yttria levels are lower than would 
normally be considered enough to stabilise the cubic phase alone. These results 
are in a agreement with those reported for 5 and 6 mol% YSZ doped with NiO 
(Chen et al, 1992; Kuzjukevics and Linderoth, 1997).
It is well known that both the stabiliser content and the gi'ain size have a profound 
effect on the stability of tetragonal grains. Once the tetragonal grain exceeds a 
critical size it will spontaneously transfoim to a monoclinic grain during cooling 
(Becher and Swain, 1992). As the small tetragonal grains are observed to grow faster 
when NiO is present it is expected that they will exceed the critical grain size sooner 
than those in the control samples, hence more of the tetragonal grains would be found 
to transform to the monoclinic. This would explain the increases in the monoclinic 
phase at the expense of the tetragonal phase in the NiO containing samples.
As the 8 mol% YSZ samples were already cubic, the presence of NiO did not cause a 
phase change but it did cause the cubic lattice parameter to decrease. Again this would 
be attributed to the increased levels of oxygen vacancies cause by the nickel ions 
substituting for the zirconium ions. This has been obsei-ved before in 8 mol% YSZ 
(Linderoth et al, 2001) and 10 mol% YSZ (Chen et al, 1994) doped with NiO.
7.4.3 Grain Growth
In the 3 mol% YSZ control samples the gi'ain size was found to be monomodal with a 
mean grain size that increased slowly with increasing firing sintering temperatme and 
time. When NiO was present, a bimodal grain size distribution was observed, when 
the sintering temperatme was above 1500°C. Both these large and small grains were 
observed to grow at a fast rate. The large cubic grains grew to be 8 to 10 times larger
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then the surrounding small grains and the smaller grains were found to grow faster 
with NiO present than without, as see in figui'e 7.7. From this it can be concluded that 
NiO is affecting the grain boundary mobilities of the zirconia phases.
It has been observed previously that the grain growth of single phase zirconia 
microstructures is faster than in two phase microstructmes and that the grain 
gi'owth is faster for cubic than other phases (Lange, 1986; Lee and Chen, 1987; 
Sakuma and Yoshizawa, 1992; Yoshizawa and Sakuma, 1989; Zhou et al, 1992). 
The slower grain growth in two phase zirconia microstructures is attiibuted to the 
phase partitioning, i.e. the yttria needs to first diffuse from the tetragonal grain to the 
cubic grains, allowing the equilibrium concentrations to be reached, before the grain 
boundaries can move. If it is assumed that NiO helps stabilise the cubic phase with 
lower yttria contents than predicted from the phase diagram, as argued in the previous 
section, then the amount of yttria that would need to be expelled from the tetragonal 
grains and consumed by the cubic grains would decrease, which in turn would enable 
the phase partitioning to occur sooner and thus gi'ain growth to begin earlier, resulting 
in larger grains compared with the control samples.
7.4.4 NiO Migration
The phenomenon of the large difference in the extent in the migration of NiO through 
the 3 and 8 mol% YSZ has not been reported before. Almost all of the previous 
studies conducted on low level co-doping of 3 mol% YSZ has consisted of mixed 
powders sintered together. Using equation 6.5 from chapter 6, for the solution to 
Fick’s second law of diffusion and the bulk diffusion coefficients for nickel in 9.5 
mol% YSZ (Argirusis et al, 2004), the depths at which the concentration reaches 1 
mol% for a range temperatuies and times were estimated and are shown in table 7.7.
132
Chapter 7 Reactions Between Nickel Oxide and Zirconia
Table 7.7 The calculated depth at which a 1 mol % NiO concentration is 
obtained in YSZ with diffusion coefficients from (Argirusis et al, 2004) 
Temperature Depth in pm, after a time (hours)
1 2 3 4 5 6 10
1400 1.8 2.6 3.2 3.7 4.1 4.5 5.8
1450 2.6 3.7 4.5 5.2 5.9 6.4 8,3
1500 3.7 5.2 6.4 7.4 8.3 9.0 11.7
1550 5.1 7.2 8.8 10.2 11.4 12.5 16.1
From this calculation the diffusion depth at 1550°C for 6 hours is of the order of ten 
micrometres. This could account for the extent of the grain growth in the 8 mol% 
YSZ backing tiles being limited to tens of micrometres, but it cannot explain the 
migration of nickel through a 200 pm thick 3 mol% YSZ tile. In order to understand 
this phenomena, it is important to establish the mechanism by which the nickel moves 
within the two differently doped YSZ tiles. A first step would be to use a technique 
that can provide chemical analysis at high spatial resolution, such as transmission 
electron microscopy (TEM) combined with with electron diffraction, EDX and 
electron energy loss spectrometry (EELS).
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8 Concluding Remarks
8.1 Conclusions
The Rolls-Royce IP-SOFC design consists of numerous series connected fuel cells, 
fabricated upon a porous tubular substrate by means of screen printing. In contrast to 
the conventional SOFC designs, this configuration gives rise to very long current 
paths and very small current path cross-sectional areas, and this geometry is 
inconsistent with the need to minimise the electrical resistance between the cells. The 
materials that are used in conventional SOFC anode or cathode applications have 
conductivities that are too low for use in the IP-SOFC design. They would require 
thick layers to be produced by screen-printing, which in itself is difficult and further, 
thick layers would affect the mechanical integrity in the overlapping regions of the 
other fuel cell layers. Therefore to reduce the in-plane resistance in the series 
connected configuration, a highly conducting porous layer is added to the anode and 
cathode, referred to as a cunent collector. The material requirements of these layers, 
such as high electrical conductivity, a coefficient of theimal expansion matched to the 
electrolyte in the appropriate atmosphere (a reducing one for the anode and an 
oxidising one for the cathode) and compatibility with cell fabrication at high 
temperature, limit the number of possible materials.
Evaluation of the high temperature electiical conductivity per unit cost of a number of 
possible anode current collector materials revealed considerable variation between 
materials. Copper and nickel offer the largest conductivity per unit cost and with the 
conventional SOFC materials and the noble metals being the least economically 
attractive. Even when the estimated commercial costs associated with large volume 
production aie taken into account, conventional SOFC anode and cathode materials 
are still two orders of magnitude lower than copper or nickel. Several of the materials 
considered, such as copper and silver, however, have melting points that are well 
below the sintering temperatures used in the manufacture of the fuel cell and this 
means that they cannot be considered further. Although nickel has a coefficient of 
thermal expansion that is considerably larger than that of YSZ, it is the most 
promising of the replacements for precious metals.
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A comparison of the estimated environmental impacts associated with the primary 
production of precious metals and nickel revealed major differences. In terms of 
energy use, water use and the emission of global warming gases, the production of 
nickel or NiO was several orders of magnitude lower than for the production of 
precious metals. Although there is considerable uncertainty in the data used to 
estimate these environmental impacts the magnitude of the difference demonstiates 
that the replacement of platinum or palladium by nickel or NiO would offer 
significant environmental benefits.
The production of precious metals is dominated by two countries. South Africa and 
Russia. The annual primary production of platinum or palladium is approximately 
200 tonnes. For 5 % of the 1-2 MW continuous use power generator market the 
estimated amounts of either platinum or palladium required for the anode current 
collector would be approximately 1 wt% of the annual primary production. In 
contrast, the total supply of primary nickel products is approximately 1.4 million 
tonnes a year and is from a larger number of countries. Estimates for the amount of 
NiO required for the anode for 5 % of the 1-2 MW continuous use power generator 
market were calculated to be around 0.001 wt% of the annual primary NiO 
production. Thus, supply of nickel or nickel oxide is unlikely to be a problem.
Platinum and palladium are not known to cause any serious health risks themselves, 
but as metallic powders they are flammable, requiring precautions be taken during 
their storage and handling to prevent ignition or explosions. In contrast, both nickel 
and NiO are known to be carcinogenic and to cause serious health risks. As such, any 
waste containing >0.1 wt% NiO or >1 wt% nickel would be classed as hazaidous 
waste, and the use of more than 1 tonne of either would bring the Control of Major 
Accident Hazards (COMAH) regulations 1999 applyinto effect. As NiO is already 
used in the anode, and the projected quantities needed for that layer during full-scale 
SOFC manufacture are likely to exceed the 1 tonne limit, the use of nickel or NiO as 
the anode current collector is unlikely to lead to changes in the safety measures or 
legislative requirements.
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There appears to be no environmental, safety or legal barriers preventing the use of 
nickel or NiO in the anode cunent collecting layer. Indeed the replacement of 
platinum or palladium by nickel or nickel oxide would offer several benefits, 
including a significant financial advantage. However, there are certain issues 
concerning the physical properties of nickel e.g. the volume difference between nickel 
and NiO and the mismatch in coefficients of theimal expansion that need to be 
overcome before use as the anode cuiTent collector is possible.
The stresses generated by the differences in the physical properties will be most 
severe if continuous layers are produced. Hence, the NiO composite anode cuiTent 
collector was proposed to over come these problems. It consists of a mesh of NiO 
embedded within the anode layer. The anode layer provides the electrochemical 
functionality and the NiO tracks enhanced the in-plane conductivity. Initially a mesh 
pattern consisting of continuous lines crossing at 90° was used to produce the NiO 
tracks. With this pattern the NiO composite anode current collector is 22 pm thick and 
has a conductivity of 1370 S cm'  ^ at 950°C, which is just meets the design 
specification. However, after testing, the sui'face of the anode layer revealed the 
presence of cracking parallel with the continuous nickel tracks printed below. These 
cracks were probably the result of stresses generated by the large difference in the 
thermal expansion coefficients of nickel and the Ni/YSZ cermet. Changing the mesh, 
so that there are no continuous NiO tiacks in any single direction, as could be 
achieved with a hexagonal or sinusoidal pattern, is likely to reduce or eliminate the 
amount of cracking.
The work on the composite anode current collector revealed two further problems. 
Firstly, NiO from the anode or the composite anode and MgO from the MMA support 
were found to migrate, mainly to the pores in the porous zirconia layer, and form a 
solid solution during manufacture of the fuel cell. At temperatures above 1100°C, in 
an oxidising atmosphere, the solid solution readily formed. Under a reducing 
atmosphere, as found on the anode side, at 950°C the solid solution was not obsei-ved 
to form after an hour. The migration of the NiO and MgO was more evident at higher 
temperatures, as used to fire the electrolyte layer. The extent of this migration was too 
large to be explained by bulk and grain boundary diffusion, but as all of the layers, 
with the exception of the electrolyte, ar e highly porous it is hypothesised that the NiO
136
Chapter 8 Concluding Remarks
and MgO migrate by surface diffusion through these layers. A reduction in the 
sintering temperature of the electrolyte layer to around 1350°C would be necessary to 
reduce the NiO and MgO migration to an acceptable level.
Secondly, NiO was also found to react with YSZ, at high temperatures in oxidising 
atmospheres. The presence of NiO caused grain growth and phase changes in the 
YSZ; fur-ther, nickel migration occurred. The extent of each of the phenomena was 
found to depend on the level of the yttria doping.
NiO was obseiwed to cause phase changes and rapid nickel migration in 3 mol% YSZ 
at relatively high temperatures. Nickel was observed to migrate through the 3 mol% 
YSZ tiles, which were 200 pm thick, in as little as an hour at temperatures above 
1500°C or in 4 hours at 1450°C. The grain growth rates for all the phases were found 
to increase with the presences of NiO and the cubic phase to be stabilised at lower 
yttria levels than predicted on the basis of the yttria-zirconia phase diagram. 
Furthermore the phase composition changed from 10 wt% cubic and 90 wt% 
tetragonal, to have increasing amounts of the cubic and monoclinic phases at the 
expense of the tetragonal phase. The increasing cubic and monoclinic content was 
attributed to the increased grain growth of the both the cubic and tetragonal grains. 
Hence the cubic grains grew to consume a greater volume and the remaining 
tetragonal grains exceeded the maximum size to prevent the tetragonal to monoclinic 
phase transformation during cooling.
The phase changes resulted in a bimodal microstructure of large cubic grains and 
small tetragonal/monoclinic grains, which extended throughout the thickness of the 
tiles. The volume changes associated with the transformation of the tetragonal phase 
to the cubic phase, and particularly to the monoclinic phase, was manifest in the huge 
amount of warping and cracking observed in the 3 mol% YSZ sample with NiO.
The 8 mol% YSZ was found always to be cubic with or without the presence of NiO. 
Rapid grain growth was obser-ved in the zirconia grains in the vicinity of NiO, but 
unlike the 3 mol% YSZ tiles, the extent of was limited to a depth of approximately 
twice the size of the large grains below the NiO and not thr oughout the whole sample. 
The nickel migration was also confined to the extent of the large grains. On the
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surface, the distance from the NiO layer over which grain growth occurred was found 
to increase with higher sintering temperature and time. This rapid increase in the grain 
size is expected to cause the YSZ tiles to have a reduced strength and make them 
more prone to cracking at relatively low stresses.
With both the yttria doping levels the lattice par ameter of the cubic phase was found 
to decrease when nickel was present. The substitution of the NiO into the zirconia 
lattice causes a greater number of oxygen vacancies to form and this is likely to result 
in the reduction of the cubic lattice parameter.These phenomena are of potential 
concern during the manufacture of the IP-SOFC, as this is when the materials are 
exposed to the highest temperatures; the operational temperatures are significantly 
lower. Any progress in lowering the sintering temperatuies of the individual layers 
and/or reducing the number of sinterings would have significant benefits in terms of 
reducing the occurrence and thus detrimental consequences of these phenomena.
Overall, the initial NiO composite anode current collector was found to provide a 
sufficient conductivity at an appropriate layer thickness to meet the IP-SOFC design 
requirements. Further work would need to be preformed to optimise the conductivity 
of the composite and minimise any cracking, by using a hexagonal or sinusoidal mesh 
pattern for the NiO tracks. However, the biggest concern is the extent of the 
NiO/MgO migration and the formation of a NiO-MgO solid solution found to occui' at 
the temperature used at present to fire the electrolyte layer. Reduction of the 
temperature to that required to maintain the required microstructure in the NiO 
composite anode current collector could have a considerable effect on the density and 
hence impermeability of the electi'olyte layer. However the aim of lowering the 
electrolyte firing temperature is not incompatible with the overall objectives of cell 
development, as it would help reduce the manufacturing costs. Furthermore, this 
reduction in the electrolyte firing temperatme would have the secondary effect of 
reducing the extent of the phase changes and grain growth observed in 3 and 8 mol% 
YSZ during fabrication of the fuel cell layers. The combination of these measmes 
could lead to the incorporation of a more environmentally acceptable, lower cost 
cmTent collection system, in the form of a composite nickel mesh anode current 
collector.
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8.2 Recommendations for Future Work
8.2.1 Introduction
The current work has highlighted the potential to gain benefits by the replacement of 
precious metals with nickel. However, a number of issues have to be resolved before 
this potential can be realised. Additionally a number of fundamental scientific 
questions have been raised.
The ai'eas for futme work that arose from this study can be categorised into two 
sections; those that are of an engineering nature with the product development of the 
IP-SOFC design and those that are of an academic nature relating to the materials. 
Thus the proposed areas for futuie investigations are subdivided into these two areas 
and detailed in the next sections.
8.2.2 Engineering development of the IP-SOFC design
8.2.2.1 Reduction in the electrolyte firing temperature
The first priority would be to reduce the temperature at which the electrolyte layer is 
sintered to minimise the NiO migration from the anode region. A reduction in the 
sintering temperature to around 1350°C would be essential if the NiO composite 
anode cuiTent collector is to be used in the IP-SOFC design. This goal is compatible 
with other cell developments as it would reduce the demands on other layers in terms 
of compatibility with the electrolyte, as well as lowering cost.
There are a number of ways that this problem could be tackled. For example, finer 
sized zirconia powders could be used as these tend to sinter to high densities at lower 
temperatures. Alternatively, the solid loading of the electrolyte ink could be increased. 
This would potentially increase the green density of the printed layer. Care would 
need to be taken that the rheological properties of the ink remained suitable for screen 
printing. If this was not possible then a variation of screen printing such as stencil
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printing might be applicable as different rheological properties are required for the 
ink. A third option would be to investigate non-conventional sintering schedules. In 
reality, it is likely that a mix of all three approaches would yield a satisfactory 
solution.
S.2.2.2 Optimisation of the NiO composite anode current collector
The second priority would be to optimise the conductivity of the composite and 
eliminate or minimise any cracking with the use of different NiO track patterns. One 
approach would be to model the stresses and possibly strains generated within the 
composite anode cuiTent collector. This would then need to be validated by 
experimental obseiwation. Additionally the long-term stability of the microstructure 
and conductivity would need to be evaluated at operational conditions. The ability of 
the composite anode current collector to tolerate thermal and redox cycling would 
need to be investigated.
8.2.3 Scientific investigations
The effect of NiO on different compositions of yttria doped zirconia raised some 
particularly interesting scientific questions. The mechanisms by which nickel migiates 
through dense yttria doped zirconia, causing the change in the phase stability and 
increased grain growth aie unknown. Although interesting fi*om an scientific 
standpoint, this work is not a priority for Rolls-Royce as it is not necessary to have 
this understanding in order to produce a working IP-SOFC stack.
The main points of interest here are the position and concentration of the nickel and 
other elements at the grain boundaiies and throughout the different phases of the 
zirconia substrate. To acquire this information would require the use of analytical 
techniques that could give chemical analysis at high special resolution. Transmission 
electron microscopy (TEM) with electron diffraction, EDX or electron energy loss 
spectrometry (EELS) is an example of potentially suitable technique, which also
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provides crystallographic information. AC impendence spectroscopy could be used in 
conjunction with the mircostructural examination to characterise the grain boundaries 
and interiors as this technique that is often used in solid state electrochemistry to 
characterise solid electrolytes.
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